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Selective removal of exuberant neuronal projections without cell death, 
referred to as pruning, is critical for the maturation of the nervous system. 
However, the mechanisms underlying neuronal pruning remain elusive. Here, 
utilizing Drosophila melanogaster as a model organism, I identified 
Rab5/ESCRT-dependent endocytic degradation pathways as novel players for 
dendrite-specific pruning in sensory neurons, ddaCs. Loss of Rab5/ESCRT 
results in dendrite pruning defects and ubiquitinated protein aggregates on 
aberrant endosomes. Importantly, cell adhesion molecule (CAM) Neuroglian 
(Nrg) accumulates on aberrant endosomes. Moreover, Nrg is relocalized on 
endosomes and downregulated prior to dendrite pruning in wild-type ddaC 
neurons. Overexpression of Nrg leads to dendrite pruning defects while loss of 
Nrg induces precocious pruning, indicating an inhibitory function in pruning. 
Lastly, attenuation of Nrg suppresses pruning defects of Rab5/ESCRT mutants. 
Collectively, downregulation of Nrg via endocytic degradation pathways to 
facilitate dendrite pruning in Drosophila sensory neurons reveals a novel 
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Chapter 1 Introduction 
 
1.1 Development of the nervous system 
The nervous system is a highly specialized and complicated system that responds to 
signal transductions in many organisms. It is composed of two major cell types called 
neuron and glia. Neuron is a specialized cell type with distinct subcellular 
compartments consisting of a long axon, branchy dendrites and a soma. Axons and 
dendrites from different neurons can form connections named synapses, which are 
important for signal transmissions. Glia are supporting cells that crucial for the 
normal functions of neurons by providing proper environment. The precise networks 
of neurons and glia form functional nervous systems. 
Neural development can be divided into three phases. First, neurons are generated via 
neurogensis. During neurogensis, neurons are generated by series of symmetric and 
asymmetric divisions of neural progenitor cells, which give rise to diverse neuronal 
cell types to form the complicated nervous systems. Signaling pathways and 
mechanisms underlying the neurogensis are highly conserved between vertebrates 
and invertebrates, such as Notch, Wnt, Hedgehog signalings (Paridaen and Huttner, 
2014). Second, after the birth of neurons, the neurite morphogenesis including 
outgrowth, pathfinding, synapse formation starts. Conserved pathways and 
molecules, for example, the growth cone components, guidance molecules, cell 
adhesion molecules, orchestrate to achieve the proper neural projections and 
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connections (Waites et al., 2005). Finally, the premature projections and connections 
undergo remodeling to form the precise and functional wirings, which involves 
apoptosis, pruning and regrowth (Buss et al., 2006; Hashimoto and Kano, 2013; 
Schuldiner and Yaron, 2015);.  
 
1.2 Neuronal pruning 
During neural remodeling, there are two main strategies to remove the unwanted 
projections and connections, namely, apoptosis and pruning. Neuronal pruning is a 
regressive process that neurons selectively remove the exuberant projections without 
causing cell death during development. It is a strategy widely utilized during neural 
development of both vertebrates and invertebrates. During the early developmental 
stages, neurons usually generate excessive projections and connections. Later on, via 
the temporal-spatial controlled pruning mechanisms, neurons remove the unwanted 
projections and connections to form the precise and functional circuits. Thus, pruning 
is an important of neuronal remodeling to achieve the maturation of nervous system. 
     
1.2.1 Neuronal pruning in vertebrates 
Neuronal pruning is widely observed in vertebrates during development. For 
instance, the layer 5 cortical neurons in rodents, one of first studied neuronal 
pruning models, project two axons to both visual areas and spinal cord, 
respectively. Subsequently, one of the axons is selectively removed to form 
the proper connection in either visual areas or spinal cord (Luo and O'Leary, 
2005; Schuldiner and Yaron, 2015). Another extensively studied model is the 
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axon pruning of mossy fiber neurons in hippocampal dentate granule (DG). At 
postnatal day 4 (P4), mossy fiber neurons project two axon bundles, the supra- 
(SPB) and infra-pyramidal bundle (IPB) to the CA3 pyramidal neurons. From 
P10 onwards, the IPB undergoes specific pruning resulting in the adult short 
IPB by P45 (Bagri et al., 2003).  
In the development of human and other primates, neuronal pruning occurs in 
almost every stage and is important for the normal maturation and function of 
the nervous system. For example, during adolescence, a critical stage for 
nervous system maturation, massive pruning of excitatory synapses is required 
for the normal cognitive function. Excessive synapses pruning in prefrontal 
cortex during adolescence is correlated with psychiatric illnesses, such as 
schizophrenia (Selemon and Zecevic, 2015). In addition, deficiency of 
supplementary motor area that resulted from the abnormal pruning in infancy 
correlates with the Infantile autism (Saugstad, 2011). Thus, studies on the 
mechanisms of neuronal pruning may contribute to identification of a novel 
therapeutic target for treatment of relevant neurological disorders.  
         
1.2.1.1 Hormone and trophic factor 
Hormones are critical cues to regulate the various developmental and 
physiological events. Recently, it is reported that the thyroid hormone (TH) is 
required for synaptic pruning during perinatal development(Sundaresan et al., 
2015). In hypothyroid mouse model, the inner hair cells (IHC) show afferent 
synapse pruning defects. More interestingly, the supplement of TH during 
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postnatal day 3 to day 8 can rescue the IHC synapse pruning defect, 
suggesting that TH regulates pruning in a temporal manner. Interestingly, 
androgen secreted by gonads has been shown to trigger the male-specific axon 
pruning in mouse mammary gland (Liu et al., 2012). 
Trophic factors are secreted proteins that regulate developmental events, such 
as proliferation, differentiation and survival. In mammals, cultured neuron 
systems implicate the importance of trophic factors in regulated neuronal 
pruning. Nerve growth factor (NGF) is one of the most studied trophic factors 
for neural survival. Interestingly, compartmentalized deprivation of NGF in 
axons leads to pruning instead of cell death, suggesting a relationship between 
the pruning and dying mechanisms. (Campenot, 1982). Another trophic factor 
Brain-derived neurotrophic factor (BNDF) is involved neuronal pruning with 
opposite functions. Via cell death receptor p75NTR, BNDF activates the axon 
pruning in both cultured neurons and sympathetic neurons in mouse model 
(Singh et al., 2008).  On the contrary, BNDF via receptor Tyrosine receptor 
kinase B (TrkB) serves as a growing signal. Deprivation of BNDF-TrkB signal 
promotes axon pruning in mouse mammary gland. (Liu et al., 2012) 
 
1.2.1.2 Cell death receptor and caspase 
Apoptotic machinery is widely used during the nervous system development 
to remove the unnecessary neurons (Buss et al., 2006). In vertebrates, a 
growing body of studies have revealed the involvement of apoptotic system in 
neuronal pruning. Two cell death receptors from tumor necrosis factor (TNF) 
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receptor superfamily, DR6 with ligand APP (Nikolaev et al., 2009) and p75 
with ligand BNDF/myelin (Singh et al., 2008) have been shown to promote 
axon pruning both in vivo and in vitro. Downstream of these receptors, 
proapoptotic protein BCL2-Associated X Protein (BAX) mediated release of 
cytochrome-C is required for axon pruning. In addition, Caspases as important 
proteases to execute apoptosis are also required for neuronal pruning. In 
mammals, both cultured neurons and in vivo systems have shown that the 
initiator caspase Caspase-9 and executer caspases Caspase-3 and Caspase-6 
are required for local axon pruning (Cusack et al., 2013; Nikolaev et al., 2009; 
Schoenmann et al., 2010; Simon et al., 2012; Vohra et al., 2010). Moreover, 
anti-apoptotic gene bcwl is locally translated in axons to inhibit BAX 
mediated axon degeneration (Cosker et al., 2013) In addition, X-linked 
inhibitor of apoptosis protein (XIAP) that antagonizes Caspase3 also 
negatively regulate neuronal pruning (Unsain et al., 2013). Therefore, it is 
likely that apoptotic machinery function locally to induce neuronal pruning. 
 
1.2.1.3 Guidance molecule 
Guidance molecules regulate diverse aspects of nervous system development 
including path finding, neurite growth, cell death, etc (Van Battum et al., 
2015; Vanderhaeghen and Cheng, 2010). Two families of canonical guidance 
molecules, semaphorins and ephrins have been shown to regulate the axon 
pruning in mammalian. In 2003, Bagri and colleagues found that the IPB axon 
pruning of DG cells are defective in semaphorin receptors Plexin-A3 (PlxA3) 
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and Neuropilin-2 (Nrp2) or Semaphorin3F (Sema3F) mutant mice (Bagri et 
al., 2003). Based on the In situ hybridization data, PlxA3 and Nrp2 are 
expressed in DG cells (Chen et al., 2000), whereas Seme3F is expressed along 
the IPB tract from P20 onwards, indicating a temporal-spatial regulation of 
semaphorin signaling in regulating IPB azon pruning. Later, Riccomagno and 
colleagues uncovered the Nrp2/β2-Chimaerin (β2Chn)/Rac1 pathway 
downstream of Semaphorin signaling in IPB axon pruning (Riccomagno et al., 
2012). β2Chn is a Rac GTPase-activating protein (GAP) that binds to Nrp2 
and weakly to Plx3A. Upon Seme3F binding, β2Chn is released by Npr2 and 
activated to restrain Rac1 activity, which subsequently promotes IPB axon 
pruning. Beside Semaphorin signaling, the ephrin reverse signaling is also 
involved in IPB axon pruning (Xu and Henkemeyer, 2009). Ephrin-B3 (EB3) 
functions as a receptor in mossy fiber neurons while EphB receptors as ligands 
that might express in CA3 neurons to activate EB3 tyrosine phosphorylation 
of intracellular domain. The second SH3 domain of adaptor protein Grb4 
which is necessary and sufficient to transduce EB3 reverse signaling in IPB 
axon pruning can bridge EB3 to Rac Guanine nucleotide exchange factors 
(GEF) Dock180 and Rac downstream effector Pak. Consistently, activation of 
Rac signaling is required for the EB3 induced IPB pruning in mossy fiber 
neurons. However, the relationship between semaphorins and ephrins remains 
elusive. It is controversial that Rac signaling is downregulated in semaphorins 
signaling while upregulated in ephrins signaling to promote IPB axon pruning. 
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This might be explained by a difference in spatial-temporal requirement for 
two signaling pathways, which awaits further study.    
 
1.2.2 Neuronal pruning in invertebrates 
1.2.2.1 Neuronal pruning in C. elegans 
In 2005, Eriko Kage and colleagues first discovered that neuronal pruning 
occurs in C. elegans during development (Kage et al., 2005). Majority of the 
two AIM interneurons show excessive axonal connection in L1 stage but only 
around 10% of the AIM neurons remain connected in adult stage, suggesting 
an conserved axonal pruning process in C. elegans during nervous system 
maturation. In the same study, a transcriptional cascade UNC-86/mbr-1 was 
identified to be important for the AIM axonal pruning. UNC-86 is a 
POU-domain transcription factor while mbr-1 is a highly conserved 
transcription factor consisting RHF2 and NR-box motif. Later on, a Wnt-Ror 
kinase signaling was reported to regulate AIM axonal pruning through an 
inhibitory function (Hayashi et al., 2009). Cam-1, a Frizzle domain consisting 
transmembrane tyrosine kinase inhibits pruning in Wnt-dependent manner. 
Genetic data suggested that Wnt is secreted by nearby neurons that activate the 
cell autonomous signaling in AIM, for the first time demonstrating that a 
non-cell-autonomous cue can regulate local pruning in C. elegans. The 
Wnt-Ror signaling acts in parallel with UNC-86/mbr-1 pathway. Moreover, in 
this study these signalings are also required for behavioral response to odor by 
regulating the pruning in another subclass of interneurons RIF, showing that 
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the precise neuronal pruning is indeed crucial for normal nervous system 
function. In 2010, a worm study showed the Fusogen EFF-1 is important for 
dendrite pruning in PVD neurons (Oren-Suissa et al., 2010). The EFF-1 
mutants showed excessive and abnormal dendrite arbor while the 
gain-of-function displayed reduced branching. Through live imaging, authors 
demonstrated that EFE-1 controls dendrite branching pattern by dendrite 
autofusion and fission. The study provides evidence for the concept that 
neurite retraction is an important cellular mechanism for neuronal pruning. 
 
1.2.2.2 Neuronal pruning in Drosophila melanogaster 
Neuronal pruning process is highly conserved in Drosophila melanogaster. As 
a powerful model organism, extensive studies on the cellular and molecular 
mechanisms of neuronal pruning have been conducted in Drosophila. Various 
types of neurons in Drosophila undergo pruning during metamorphosis, a 
critical transition stage between larval and adult stages, such as the mushroom 
body (MB) γ neurons in the central nervous system, subsets of dendritic 
arborization (da) neurons, and neuromuscular junctions in the peripheral 
nervous system (Schuldiner and Yaron, 2015; Yu and Schuldiner, 2014). MBs 
are important neuropils in CNS that are required for learning and memory in 
Drosophila. MB γ neurons undergo stereotype pruning during early 
metamorphosis, making it an attractive model system to study the molecular 
mechanisms of neuronal pruning. During larval stage, γ neurons axons project 
bifurcating branches into the medial and dorsal lobes of the MB. At around 4 
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hr after puparium formation (APF), the dendrites of γ neurons start to undergo 
fragmentation at 4 hr APF followed by the medial and dorsal axonal branches 
at around 8 hr APF. By 24 hr APF, the dorsal and medial axonal branches 
together with the dendrites are completely pruned. Later, γ neurons regrow 
and form adult-specific axonal branch into medial lobe (Lee et al., 1999; Watts 
et al., 2003). 
da neurons are sensory neurons located between epidermis and muscle layer 
closed to the cuticle during larval stage. da neurons play important roles in 
sensing mechanical force and UV light (Tsubouchi et al., 2012; Xiang et al., 
2010). Among different subtypes of da neurons, ddaC neurons exhibit the 
most complex dendrite arbor covering the dorsal larval body wall redundantly 
and project a single axon to form synapses in the central nerve cord (Fig 1E, 
E’)(Grueber et al., 2002). da neurons are born by mid-embryogenesis (Bodmer 
et al., 1987). The dendrites of da neurons branch out at around 16 hr After Egg 
laying (AEL) and finally tile the body wall by around 48 hr AEL (Song et al., 
2012). Subsequently, the dendrite arbors keep growing coordinated with the 
expansion of the animal size to until puparium formation (Fig 1A, A’). In 
contrast to the growing phase, dendrite pruning begins at around 3 hr after 
puparium formation (APF) marked by the blebs formation along the proximal 
dendrites (Williams and Truman, 2005). Subsequently, the dendrite thinning 
occurs at the blebs along the proximal dendrites which eventually result in 
severing at around 6 hr APF (Fig 1B, B’) (Kirilly et al., 2009). Severed 
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dendrites undergo rapid fragmentation into small debris. By 16 hr APF, all the 
fragments and debris are cleared by phagocytes (Han et al., 2014; Williams 
and Truman, 2005). After pruning completion, the dendrite arbors of ddaC 
neurons regrow and form the adult specific pattern from 24 hr APF. 
For more than a decade, studies on MB γ neurons and ddaC neurons have shed 
light on the cellular and molecular mechanisms of neuronal pruning. 
 
1.2.2.2.1 Ecdysone signaling 
The steroid hormone 20-hydroxyecdysone (ecdysone) is the trigger of various 
changes of the body plan during metamorphosis. Upon ligand binding, nuclear 
receptor ecdysone receptor (EcR) together with its co-receptor Ultraspiracle 
(Usp) forms a heterodimer to regulate transcription of their downstream 
targets (Thummel, 1996). In both MB γ neurons and ddaC neurons, expression 
of EcR B1 isoform (EcR-B1) is specifically upregulated during late larva/ 
early pupa stage, correlated with the ecdysone peak (Kirilly et al., 2009; Kuo 
et al., 2005; Lee et al., 2000). Disruption of EcR or Usp expression almost 
fully blocks the pruning events in both MB γ neurons and ddaC neurons, 
supporting that ecdysone signaling is the master regulator to initiate pruning. 
Interestingly, EcR/Usp with ecdysone activates EcR expression to form a 
self-activation loop for EcR (Karim and Thummel, 1992; Koelle et al., 1991), 
which is also demonstrated by Microarray data in MB (Hoopfer et al., 2008). 
Beside EcR/Usp itself, the expression of EcR requires TGF-β signaling (Yu et 
al., 2013; Zheng et al., 2003). Upon the binding of their ligand Myoglianin, 
`11 
 
TGF-β type I receptor Baboon and type II receptor Punt or Wishful thinking 
together with Plum, TGF- β accessory receptor, lead to the phosphorylation of 
the effector dSmad2 to promote the EcR-B1 expression, although the direct 
mechanism is unknown. In addition, a nuclear receptor FTZ-f1 is found to be 
an upstream of EcR expression (Boulanger et al., 2011). FTZ-f1 binds to 
upstream of EcR-B1 transcription starting site and activates the expression of 
EcR-B1 by inhibiting Hr39, a homologue of FTZ-f1 that represses EcR-B1 
expression. Moreover, the cohesin complex is also required for EcR-B1 
expression, which is likely through the binding to the EcR locus (Schuldiner et 
al., 2008). Activated by ecdysone, EcR/Usp heterodimer nuclear receptor 
binds to the specific DNA sequence called ecdysone response element to 
regulate gene expression (Boulanger and Dura, 2015). However, for a long 
time, little was known about the EcR downstream targets during neuronal 
pruning. In a large-scale RNAi screen of potential ecdysone early-response 
targets, Sox14, an HMG domain transcription factor, was first identified as a 
downstream target of EcR/Usp during dendrite pruning in ddaC neurons 
(Kirilly et al., 2009). Loss of Sox14 function results in severe pruning defects 
in both ddaC neurons and MB γ neurons whereas overexpression of Sox14 
leads to precocious dendrite pruning in ddaC neurons, suggesting that Sox14 is 
necessary and sufficient to induce neuronal pruning. Moreover, 
overexpression of Sox14 rescues the majority of pruning defect in EcR 
dominant negative expressing background, supporting that Sox14 is a key 
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downstream target of EcR during dendrite pruning in ddaC neurons. Later on, 
subsequent study showed that EcR forms a complex with the histone 
acetyltransferase CREB-binding protein (CBP) with the presence of ecdysone 
and a chromatin remodeler Brahma to promote the H3K27 acetylation at the 
sox14 locus to facilitate its expression, further suggesting Sox14 is a direct 
target of EcR (Kirilly et al., 2011). Furthermore, through a pupa lethal 
collection screen, a cytoskeleton regulator Mical was identified as a 
downstream factor of Sox14 in ddaC neurons. Sox14 can bind to Mical 
promoter region to activate Mical expression during early metamorphosis, 
revealing the EcR/Sox14/Mical pathway in regulating ddaC dendrite pruning. 
Another genetic interaction screen in heterozygous EcR mutant sensitized 
background identified headcase (hdc) as another EcR downstream target 
during ddaC dendrite pruning (Loncle and Williams, 2012). Hdc is 
cytoplasmic protein that required for dendrite pruning cell-autonomously. The 
upregulation of hdc during late larva/ early pupa requires EcR, CBP and Brm 
but not Sox14, indicating that hdc might be parallel to Sox14. However, the 
exact regulation of hdc expression by EcR and function of Hdc during pruning 
remain to be uncovered. 
 
1.2.2.2.2 Ubiquitin-proteasome system 
The Ubiquitin-proteasome system (UPS) is important for the proteins turnover 
in different cell types. The UPS consists of ubiquitin-activating enzyme E1, 
ubiquitin-conjugating enzyme E2, ubiquitin ligase E3 and proteasome. E1, E2 
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and E3 are required for poly-ubiquitination of target proteins that serve as a 
signal for proteasome-mediated protein degradation. So far, UPS is found to 
be involved in neuronal pruning in different organisms. In Drosophila, the 
only E1 ubiquitin activation enzyme 1 (Uba1) and the proteasome 19S particle 
subunit Mov34 were first identified to regulate both axon pruning in MB γ 
neurons and dendrite pruning in ddaC neurons (Kuo et al., 2005; Watts et al., 
2003). After that, uncovered by a candidate mutant screen, E2 UbcD1 is 
required for dendrite pruning in ddaC neurons. Acting downstream of UbcD1, 
E3 ligase Drosophila inhibitor of apoptosis protein 1 (Diap1) undergoes 
auto-ubiquitination and degradation to release the inhibition of initiator 
caspase DRONC (Kuo et al., 2006). Consistently, gain-of-function Diap1 or 
loss of Dronc caused pruning defect in ddaC neuron, suggesting a 
Ubcd1/Diap1/Dronc pathway during dendrite pruning in ddaC neurons but not 
axon pruning in MB γ neurons. Another study shows that Loss of Valosin 
containing protein (VCP), a ubiquitin-selective AAA chaperone, leads to 
pruning defect that associated with high Diap1 level (Rumpf et al., 2011). 
However, on the basis of relatively weak phenotype and no requirement for 
MB γ neuron pruning of this pathway, compared with E1 Uba1, there exist 
other E2/E3 required for the UPS function during pruning process.  
Recently, a RING-domain E3 ligase complex composed of Cullin1 (Cul1), 
Roc1a, SkpA, and Slimb has been found to be important for pruning in both 
MB γ neurons and ddaC neurons (Wong et al., 2013). A candidate screen in 
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ddaC neurons suggests that attenuation of the InR/PI3k/Tor pathway 
specifically recues the pruning defect in Cul1 complex mutants. Consistently, 
hyperactivation of InR/PI3k/Tor pathway is sufficient to causes pruning defect 
in ddaC neurons. Biochemical data shows that Cul1 complex attenuates 
InR/PI3k/Tor pathway through the ubiquitination and degradation of Akt, a 
positive regulator of Insulin pathway. And the substrate recognition of Akt is 
mediated via the WD40 domains of Slimb, the F box-containing protein 
important for target specificity in Cul1 complex. Given that the InR/PI3k/Tor 
pathway is a growth pathway, this finding suggests that UPS can antagonize 
the growth signaling to facilitate the regressive pruning events.   
Several lines of evidence indicate that UPS acts as downstream of EcR 
signaling. First, the UPS is not required for the expression of EcR and its 
downstream targets (Watts et al., 2003; Wong et al., 2013). Second, 
overexpression of EcR cannot rescue the UPS mutants, different from the EcR 
upstream mutants. Third, the microarray and qPCR data indicate that the 
expression of some UPS components depend on EcR (Hoopfer et al., 2008) 
and its downstream target Sox14 (Wong et al., 2013).  
 
1.2.2.2.3 Caspase activation 
Consistent with the studies in vertebrates, caspase activity is not only required 
for apoptosis but also neuronal pruning. It has been demonstrated that the local 
activation of caspase in certain compartment promotes pruning, but not cell 
death, in ddaC neurons (Kuo et al., 2006; Williams et al., 2006). The 
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involvement of caspases in pruning is first demonstrated by initiator caspase 
Dronc, homolog of mammalian Caspase-9 (Kuo et al., 2006). dronc mutant 
showed dendrite fragmentation and clearance defects in ddaC neurons. During 
apoptosis, Diap1 is a caspase inhibitor that, generally, high Diap1 level 
attenuates Dronc activity. In ddaC neuron, Diap1 gain-of-function mutant or 
overexpression of Diap1 results in dendrite pruning defects, which is 
associated with loss of caspase activity (Kuo et al., 2006). Interestingly, Dronc 
activity can also be suppressed by hyperactivated insulin pathway during 
dendrite pruning, although direct mechanism is unknown (Wong et al., 2013). 
Besides initiator caspase, pruning defects result from overexpression of p35, 
an inhibitor of effector caspases, suggesting that effectors caspases are also 
required for dendrite pruning. However, the caspases seem to be required for 
clearance of the dendrite fragments and debris but dispensable for dendrite 
severing step, raising a possibility that caspases only function in the late stages 
of dendrite pruning. A genetically coded reporter of Dronc activity revealed 
that caspase activity is restricted mainly in severed dendrites after 5h APF, 
supporting the notion that caspases function locally after dendrite detachment 
(Williams et al., 2006).However, the downstream targets of activated caspases 
during dendrite pruning remain unknown.  
 
1.2.2.2.4 Cytoskeleton disassembly 
Cytoskeletal breakdown is a hallmark of pruning before neurites severing in 
both MB γ neuron and ddaC neurons (Watts et al., 2003; Williams and 
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Truman, 2005). In ddaC neurons, both actin and microtubule cytoskeletons are 
eliminated in the proximal dendrite region prior to the membrane fission at 4 
hr APF. A candidate-based screen searching for microtubule destabilizing 
molecules identified Katanin p60-like 1 (Kat-60L1) which is required for 
cytoskeletal breakdown and dendrite pruning (Lee et al., 2009). However, the 
exact function and regulation of Kat-60L1 in dendrite pruning is still elusive. 
Another cytoskeletal regulator Mical is also required for dendrite pruning. As 
a downstream effector of ecdysone signaling, mical transcription is directly 
activated by Sox14 and another study has shown that VCP is required for 
proper mical mRNA splicing (Kirilly et al., 2009). Interestingly, Mical can 
oxidize and disassemble actin filaments (Hung et al., 2011), but the 
downstream events of Mical in regulating cytoskeleton stability and pruning 
remain unclear.  
 
1.2.2.2.5 Calcium signaling 
Recently, it has been reported that compartmentalized calcium transients serve 
as temporal-spatial cues to induce dendrite pruning (Kanamori et al., 2013) et 
al., 2013). Calcium influxes occur in certain dendrite branches starting from 2 
hr APF in succession, which predicts the occurrence of dendrite pruning. The 
voltage-gated calcium channel (VGCC) was identified to be responsible for 
generation of the calcium transients in the dendrites of ddaC. Loss of VGCC 
function largely eliminates calcium transients and leads to dendrite pruning 
defects in ddaC neurons. The excitability of dendritic branches increases 
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locally at 2 to 3 hr APF, which facilities robust calcium influx in dendritic 
compartments. Furthermore, a candidate-based screen of Ca2+-activated 
molecules identified Ca2+-activated protease calpains that appear to function 
downstream of calcium transients to promote dendrite pruning. It is of great 




Phagocytosis is required for pruning in both MB γ neurons and ddaC neurons. 
In MB γ neurons, glial cells, especially the astrocytes, infiltrate the axon 
branches and engulf the axon fragments (Awasaki and Ito, 2004; Watts et al., 
2004; Williams and Truman, 2005). In ddaC neurons, the epithermal cells are 
the major phagocytes responsible for the engulfment of the dendrite debris, 
while the hemocytes partially contribute to the fragmentation of severed 
dendrites (Han et al., 2014). Disruption of endocytosis via overexpression of 
temperature sensitive shibire (shits), encoding Drosophila homolog of 
dynamin, in the glial cells or epithermal cells results in fragmentation and 
clearance defects in MB γ neurons or ddaC neurons, respectively (Awasaki 
and Ito, 2004; Han et al., 2014; Watts et al., 2004). Moreover, the engulfment 
receptor Draper in phagocytes is required for the phagocytosis of the debris 
(Williams et al., 2006). Another study in ddaC neurons suggests that the 
matrix metalloproteases Mmp1 and Mmp2, presumably secreted by epithermal 
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cells, are also required for dendrite fragmentation and clearance but not 
severing during dendrite pruning (Kuo et al., 2005).  
In addition, glial cells also take part in ddaC dendrite pruning. Glia cells wrap 
the axon, soma and proximal dendrites of ddaC neurons. The initiation of 
dendrite severing occurs in the glia cell wrapped regions and the severed 
dendrites undergo rapid degradation in the glia. Blocking endocytosis by 
overexpression shits in glial cells, the dendrite severing was delayed. Similarly, 
overexpression of EcRDN in glial cells resulted in delay of the dendrite 
degradation and retraction. However, the glial cells seem to have little effect 
on overall dendrite pruning (Han et al., 2011).  
 
1.3 Endocytic pathways and neural development  
Endocytosis is a process that the cells internalize the plasma membrane and 
extracellular contents into cytoplasm to form vesicles named endosomes, 
which is highly conserved in eukaryotic cells (Cosker and Segal, 2014).  
 
1.3.1 endocytic machinery   
Endocytosis can be mainly classified as two types which are clathrin-mediated 
endocytosis (CME) and clathrin-independent endocytosis (CIE) pathways. In 
CME pathway, membrane invagination is coated by clathrin monomers to 
assemble a cage structure, which is facilitated by adaptor proteins like AP2 as 
a linker between membrane proteins and clathrins. Driven by the dynamin 
GTPase, the clathrin-coated pit is abscised from plasma membrane to form the 
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clathrin-caoted vesicles (CCV). Then, CCVs undergo uncoated process which 
involves the chaperones, for example, Hsc70, to remove the clathrin cage 
structure (Sousa and Lafer, 2015). On the other hand, the CIE pathway is less 
understood and more complicated. Based on the involvement of different 
molecules and lipids, clathrin-independent pathway can be further divided into 
several distinct subtypes, such as caveolar endocytosis, macropinocytosis, 
phagocytosis, etc (Doherty and McMahon, 2009). The caveolae is the one of 
the most studied non-clathrin coated plasma membrane invaginations that 
regulated by Caveolins and flotillins in many mammalian cell types(Fischer et 
al., 2006; Hansen and Nichols, 2009). Different from CME and caveolar 
endocytosis, macropinocytosis is a large-scale internalization of plasma 
membrane without obvious coating structure. It has been reported that 
macropinocytosis is regulated by actin remodeling, cholesterol-rich membrane 
raffles and Na+/H+ exchanger (Lim and Gleeson, 2011; Mulcahy et al., 2014). 
Phagocytosis is required for internalization of extracellular particles, such as 
bacteria and apoptotic debris. It is regulated by membrane receptors and actin 
cytoskeleton remodeling signaling (Mulcahy et al., 2014). 
Endocytosed vesicles undergo homotypic fusion and fuse with early 
endosomes/sorting endosomes, a process regulated by small GTPase Rab5. 
GTP-bound Rab5 recruits various effectors on early endosomes, such as 
Vps34, snares, EEA1, Rabex-5, which regulate phosphoinositide conversion, 
membrane fusion, effectors recruitment, etc (Huotari and Helenius, 2011). 
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After that, the contents in endocytosed vesicles can be mainly targeted to two 
distinct routes, the recycling pathway and the degradation pathway. Guided by 
Rab4 and Rab11, the cargos in early endosomes can be transported back to the 
plasma membrane via the endosomal recycling pathway (Scott et al., 2014). 
Alternatively, early endosomes undergo endosomal maturation to form 
multi-vesicular bodies (MVBs) /late endosomes. During the endosomal 
maturation, endosomal cargos undergo sorting into intraluminal vesicles 
(ILVs) on MVBs, which is regulated the endosomal sorting complexes 
required for transport (ESCRT) machinery (Hurley, 2010). ESCRT machinery 
includes 4 sub-complexes, namely ESCRT 0, I, II and III, and several 
accessory components. ESCRT 0 component Hrs target on early endosomes 
via FYVE domain binding to phosphatidylinositol 3-phosphate and interact 
with ubiquitinated cargo via ubiquitin-binding motif. Subsequently, ESCRT I, 
II and III are assembled on endosomes. ESCRT I and II are important for ILV 
membrane budding while ESCRT III is responsible for membrane fission. 
Later on, the late endosomes/MVBs can fuse with the lysosomes to degrade 
the contents. 
 
1.3.2 endocytosis in neural development  
Endocytosis is involved in many aspects of neural development, including cell 
fate determination, axon outgrowth and pathfinding, neuronal migration, 
synaptic plasticity, etc (Schwarz and Patrick, 2012; Villarroel-Campos et al., 
2014; Yap and Winckler, 2012). Endocytosis regulates neurite outgrowth in 
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both vertebrates and invertebrates. Knockdown of Rab5 or Rab5 GEF Rabex-5 
in cultured mouse hippocampal neurons leads to neurite outgrowth defects 
(Mori et al., 2013). Similarly, Rab5 and ESCRT component Vps32 have been 
reported to regulate dendrite morphology in Drosophila ddaC neurons (Satoh 
et al., 2008; Sweeney et al., 2006). In addition, endocytosis also mediates 
growth cone collapse which is important for outgrowth and pathfinding in 
response to various repulsion cues including Sema3A, Slit and Ephrin (Tojima 
and Kamiguchi, 2015). Moreover, cell migration is also controlled by 
endocytic pathways. In mouse cerebral cortex, Rab5 and Rab11-dependent 
endocytic recycling pathways mediate the proper level of N-Cadherin to 
facilitate neural migration (Kawauchi et al., 2010). Interestingly, a similar 
mechanism is used during Drosophila border cell migration to maintain the 
Receptor tyrosine kinases in the leading edge (Assaker et al., 2010). In 
summary, functions of the endocytic machinery in neural development are 
highly conserved between vertebrates and invertebrates.       
 
1.4 Cell adhesion molecules in neural development 
Cell adhesions are important for the physical tissue integrity, materials 
exchange, signaling transductions, etc. CAMs are membrane-bound proteins 
that are required for the formation of cell-cell or cell-extracellular matrix 
(ECM) adhesions. Based on the structure similarity, CAMs are classified into 
various families, such as cadherins, integrins, neurexins, selectins, 
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Immunoglobulin superfamily (IgSF), etc (Benson et al., 2000; Hortsch, 2000). 
CAMs usually consist of extracellular domain (ECD) for homophilic or 
heterophilic binding, a transmembrane domain for membrane anchoring, and 
an intracellular domain (ICD) for cytoskeletal interaction or signaling 
transduction. With diverse structures and functions, CAMs regulate almost 
every aspect during development including proliferation, differentiation, 
survival, etc (Aplin, 2003). During neural development, CAMs are involved in 
neuron differentiation, neural migration, synapse formation, neurite growth, 
axon pathfinding, which are conserved between vertebrates and invertebrates.  
(Schafer and Frotscher, 2012; Sheng et al., 2013; Sun and Xie, 2012; Zhang et 
al., 2008).  
 
1.4.1 L1 type CAM 
L1 type CAM (L1CAM) is a highly conserved subgroup of IgSF CAMs. 
Vertebrate genomes contain multiple L1 type CAMs. For example, there are 
four L1 type CAMs, namely L1-CAM, CHL1, neurofascin and NrCAM in 
mammals. However, invertebrate genomes usually encode one L1 CAM, such 
as Neuroglian in Drosophila or Sax-7 in C. elegan (Hortsch, 2000). L1 type 
CAMs are single transmembrane proteins that typically consist of a large ECD 
with six Immunoglobulin (Ig) domains followed by five fibronectin type III 
(FNIII) domains and a small ICD with conserved Ankyrin-binding motif and 
FERM domain-bind motif. ECD of L1 CAMs mediated interactions with 
various ligands and receptors. It has been reported that the Ig domains mediate 
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the homophilic binding of L1 CAMs (Wei and Ryu, 2012). Moreover, ECD of 
L1 CAMs exhibits heterophilic interactions with other molecules, such as 
neuropilin/semaphoring (Castellani et al., 2002), integrins (Silletti et al., 2000; 
Thelen et al., 2002), EGFR (Nagaraj et al., 2009), etc. The short ICD of L1 
CAMs is important for the intracellular binding partners and cytoskeletons. 
The ankyrin-binding motif (FIGQY) is highly conserved between vertebrates 
and invertebrates. Via ankyrins, L1 CAMs is linked to the spectrin/actin 
cytoskeleton, which is critical for the adhesion functions (Wei and Ryu, 2012). 
In addition, FERM domain binding motif binds to ezrin which also 
subsequently links to actin cytoskeleton (Schafer and Frotscher, 2012).   
 
1.4.2 L1 type CAM in neural development 
In mammals, L1 CAMs are involved in different developmental processes, 
such as neurite outgrowth, axon pathfinding, neuron migration, synapse 
formation, etc (Kenwrick and Doherty, 1998; Schafer and Frotscher, 2012). In 
human, mutations of L1 CAM have been linked to various neurological 
diseases, such as corpus callosum hypoplasia, mental Retardation, spasticity, 
multiple sclerosis, low-IQ syndrome, developmental delay, and schizophrenia 
(Kenwrick et al., 2000).  
In Drosophila, Nrg also has been shown to regulate outgrowth (Forni et al., 
2004; Martin et al., 2008; Yamamoto et al., 2006; Yang et al., 2011), synapse 
formation (Godenschwege et al., 2006; Godenschwege and Murphey, 2009; 
Kudumala et al., 2013), pathfinding (Garcia-Alonso et al., 2000; Hall and 
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Bieber, 1997; Kristiansen et al., 2005; Kudumala et al., 2013) and 
fasciculation (Goossens et al., 2011; Siegenthaler et al., 2015). Thus, the 
functions of L1-CAM are highly conserved between mammals and 
Drosophila. Taking the advantage of single L1-CAM in Drosophila genome, 
we can further study the cellular and molecular mechanisms of L1-CAM in 
regulating various aspects of neural development.  
 
1.5 Aim of this study 
With years’ studies, we have gained more and more knowledge on the 
regulation of neuronal pruning. Particularly in Drosophila melanogaster, with 
powerful genetics, numerous elegant studies for more than a decade have shed 
light on the cellular and molecular mechanisms of pruning. However, the 
in-depth understanding of neuronal pruning is still far away from us, 
especially for the downstream executive steps. In order to further explore the 
cellular and molecular control of neuronal pruning, in our lab, a genome-wide 
unbiased forward genetic RNA interference (RNAi) screen has been conduct 
in ddaC neurons to isolate novel regulators in neuronal pruning. In addition, in 
order to understand of the biological function of these novel players during 
neuronal pruning, various approaches including genetics, biochemistry, 
imaging have been taken, which aiming to provide better understanding in 
ddaC dendrite pruning in Drosophila and hopefully hints in neuronal pruning 
in human as well. 
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Chapter 2 Material and methods 
 
2.1 Fly Strains 
2.1.1 Fly stocks requested from research labs 
Rab52 (M. Gonzalez-Gaitan), Vps28B9 (D. Bilder), Vps32G5 (D. Bilder), avl1 
(D. Bilder), fab121(H. Stenmark), UAS-GFP-Rab5 (M. Gonzalez-Gaitan), 
UAS-Rab5DN (M. Gonzalez-Gaitan), UAS-Vps4DN (H. Stenmark),  
elav-GeneSwitch-Gal4 (H. Keshishian), UAS-MicalN-ter (A. Kolodkin), 
UAS-UAS-CiCell (K. Basler), UAS-NotchDN (d.n.N) (S. Artavanis-Tsakonas), 
UAS-PVRDN (P. Rorth), UAS-TkvDN (M. O'Connor), E(spl)m8-lacZ (S. Bray), 
UAS-LAMP1-GFP (H. Kramer), UAS-GFP-2xFYVE (M. Gonzalez-Gaitan), 
dpp-lacZ (S. Cohen), ppk-Gal4 on II and III (Y. Jan), UAS-Myc-Vps32 (T. 
Klein), UAS-Vps28 (H. Kramer), UAS-Robo (B. Dickson), UAS-N-Cad, 
SOP-flp (#42) (T. Uemura), UAS-Nrg-EGFP (J. Pielage), UAS-NrgΔABD 
(J.Pielage), UAS-NrgΔICD (This study), NrgΔABD+PBD (This study), nrg14 
FRT19A (J.  Pielage), P[nrg_wt] (J. Pielage), P[nrgΔIg3+4] (J. Pielage), 
P[nrgΔABD+PBD] (J. Pielage), P[nrgΔABD] (J. Pielage), P[nrgΔPBD] (J. 
Pielage), UAS-BrmDN (K804R) (J.W. Tamkun).  
 
2.1.2 Stocks obtained from Bloomington stock center (BSC) 
UAS-Vps32-GFP (BL#32559), UAS-SggS9A (BL#5255), UAS-Mito-GFP 
(BL#8443), UAS-ArmS10 (BL#4782), UAS-EGFRDN (BL#5364), Gal42-21, 
elav-Gal4, 201Y-Gal4 (BL#4440) UAS-YFP-Rab5 (BL#24616). UAS-Nrg 
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(BL#24169), nrg RNAi #1 (BL#38215), nrg RNAi #2 (BL#37496), robo 
RNAi (BL#35768), N-Cad RNAi (BL#41982), ppk-CD4-tdGFP (BL#35843), 
GSG2295-Gal4 (BL#40266), UAS-EcRDN (EcR.B1-DeltaC655.W650A TP1-9) 
(BL#6872). UAS-GCaMP3 (BL#32116), Rab7EY10675 (BL#20630), FRTG13 
spinster11F5 (BL#5862), Df(spinster) (BL#8915).  
 
2.1.3 Stocks purchased from Vienna Drosophila RNAi Centre (VDRC) 
Rab5 RNAi #1 (v103945) and #2 (v34096), CBP RNAi (v3787).  
 
2.1.4 Generation of Rab7 mutant 
I crossed y1 w67c23; P{EPgy2}Rab7EY10675 flies with a fly strain carrying the 2-3 
transposase to obtain the founders to induce imprecise excision. The founders 
were crossed to w;;TM3, Sb/Tm6B, Tb to set up individual excised lines. About 
300 independent lines were established on the basis of the absence of the w+ 
marker. Two pupal lethal lines were recovered and subjected to genomic PCR 
and DNA sequencing analysis. The line with a 1,012-bp deletion was named 
Rab7EX1. 
 
2.1.5 Generation of UAS-NrgΔICD and NrgΔABD+PBD Transgenes 
The truncation nrgΔICD (encoding aa 1–1157 aa) and nrgΔABD+PRD (encoding aa 
1-1223aa) were PCR form nrg cDNA with corresponding primers as follows. 
nrgΔICD and nrgΔABD+PRD Forward:  
5’ CACCATGTGGCGGCAGTCAACGATA 3’ 
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nrgΔICD Reverse: 5’ ATTGCGTCGGATAATGCAGAT 3’ 
nrgΔABD+PRD Reverse: 5’ TCCTGTATCGCCATCACCGTA 3’ 
Using the The Gateway® recombination cloning technology (Invitrogen) 
fragments were cloned into pENTR/D-Topo vector (Invitrogen), according to 
manufacturer’s protocol.  The vectors carrying insertions were purified with 
Qiagen Mini Extraction Kit and sequenced. Next, by using Gateway® LR 
Clonase® II Enzyme mix (Invitrogen) and pTWF/pTW destination vector, 
plasmids for transgenic flies were obtained.  After that, plasmids were 
shipped to Bestgene Inc for injections. A few independent transgenic lines 
were generated and balanced. 
 
2.2 Immunohistochemistry and staining 
2.2.1 The primary antibodies for immunohistochemistry and dilution 
rabbit and chicken anti-Avl (1:500; a gift from D. Bilder), guinea pig anti-Hrs 
(1:300; a gift from H. Bellen), mouse anti-Ubiquitin (1:500; FK2, Enzo Life 
Sciences), rabbit anti-GM130 (1:200; Abcam), mouse anti-KDEL (1:200; 
10C3, Abcam), mouse anti-Nrg (1:20, BP104, DSHB), mouse anti-Robo (1:50, 
13C9, DSHB), mouse anti-α-PS1-integrin (1:10, DK.1A4, DSHB), rat 
anti-N-Cad (1:50, DN-EX #8, DSHB), rat anti-Tkv (1:200, a gift from S. 
Cohen), rat anti-EGFR (1:200, a gift from P. Rorth), rat anti-PVR (1:200, a 
gift from P. Rorth), mouse anti-Smoothened (1:50, 20C6, DSHB), mouse 
anti-Patched(1:50, Apa 1, DSHB), mouse anti-Notch Intercellular (1:50, 
C17.9C6, DSHB), mouse anti-Notch Extracellular (1:50, C458.2H, DSHB), 
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mouse anti-Delta (1:50, C594.9B, DSHB), mouse anti-p-ERK (1:200, 
Sigma-Aldrich),  rabbit anti-Ci (1:50, a gift from T. Kornberg), mouse 
anti-Armadillo (1:50, N2 7A1,DSHB), guinea pig anti-Senseless (1:200, a gift 
from H. Bellen), rabbit anti-GFP (1:500, Invitrogen), mouse anti-Wingless 
(1:50, 4D4, DSHB), mouse anti-EcR-B1 (1:50; AD4.4, DSHB), rabbit 
anti-Vps28 (1:200; H. Krämer), mouse anti-integrin– -PS (1:10, CF.6G11, 
DSHB), mouse anti-α-PS2-integrin (1:10, CF.2C7, DSHB), rabbit anti-Rab5 
(1:200, Yu Lab), mouse anti- -Gal (1:1000; Promega), goat Cy5-conjugated 
anti-HRP (1:200, Jackson Laboratorie).  
 
2.2.2 The secondary antibodies (Jackson Laboratories) and dilution  
Cy3- conjugated secondary antibodies (1:500), Cy5- conjugated secondary 
antibodies (1:200), and fluorescein isothiocyanate (FITC) conjugated 
secondary antibodies (1:100).   
 
2.2.3 Imunostaining preparation 
For immunostaining, pupae or larvae were dissected in cold PBS and fixed 
with 4% formaldehyde for 15 min. After fixation, samples were washed with 
wash buffer (PBS+1%Triton X) for 3 times for 10 min each. Then, samples 
were incubated in block buffer (5% NGS in wash buffer) for 30 min. Samples 
were incubated in primary antibodies with proper dilution overnight. After 
that, samples were washed with wash buffer 3 times for 10 min each. After 
that, samples were incubated with secondary antibodies with proper dilution in 
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wash buffer for 3 hr. Finally, samples were washed in wash buffer for 3 times 
for 10 min each.  Mounting was performed in VectaShield mounting 
medium. 
 
2.2.4 LysoTracker staining 
For LysoTracker staining, fillets from w3L larvae were dissected in cold PBS 
and incubated with LysoTracker Red DND-99 (Molecular Probes) with the 
dilution of 1:1000 in M3 buffer for 2 min. Samples were briefly washed in 
PBS for 3 times. Mounting was performed in PBS.  
 
2.3 Microscopy imaging 
2.3.1 Live imaging of da neurons 
For live imaging of da neurons at e3L, WP or 6 hr APF, larvae or pupae were 
mounted with 70% glycerol. For imaging of 12.5 hr or 16 hr APF, pupal cases 
were moved, then pupae were mounted with 70% glycerol. Images of da 
neurons were acquired on Leica SPE laser confocal microscope. 
 
2.3.2 Imaging of fixed samples  
Fixed samples were mounted on slide with VectaShield mounting medium. 
Images were acquired on Leica SPE laser confocal microscope. 
 
2.3.2 Time-lapse Calcium imaging  
Calcium imaging was performed with microLAMBDA spinning disk using a 
microscope (Plan Apo oil objective, x40 NA=1.4, Nikon), equipped with a 
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spinning-disk confocal unit Yokogawa CSU-X1 (Yokogawa, Tokyo, Japan) 
and a sCMOS digital camera (ORCA-Flash4.0, Hamamatsu Photonics, Japan). 
GCaMP3 fluorescence was collected from 8-10 optical sections at 1.5-μm 
thickness (exposure time 150-180 msec) without interval. Obtained images 
were analyzed using Metamorph (Molecular Devices, USA) and Fiji software 
(Schindelin et al., 2012).  
 
2.3 MARCM clonal and Gene-Switch system analysis 
2.3.1 MARCM analysis of da neurons 
For MARCM clonal analysis study of da neurons, clones of da neurons were 
induced by sop-Flippase. The clones of ddaC neurons were visualized by 
ppk-Gal4 at different stages. The ddaD/E/F clones were visualized by 
ealv-Gal4.  
 
2.3.2 MARCM analysis of MB γ neurons  
For the MARCM clonal analysis study of MB γ neurons, embryos were 
collected at 6 hr intervals and aged for 24 hr. The clones were induced by 
hs-Flipase at the 1st instar larval stage with 1 h heat shock at 38°C. 201Y-Gal4 
labels postmitotic MB γ neurons.  
 
2.3.3 RU486/mifepristone treatment for the Gene-Switch system  
Embryos were collected at 3 hr intervals and were reared on standard food to 
the late 3rd instar larval stage. Then, the larvae were transferred to the standard 
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culture medium containing 240 µg/ml mifepristone (Sigma Aldrich M8046) 
until proper stages for analysis. The overall development of animal was not 
affected by RU486 treatment. 
 
2.4 Quantification and Statistics 
2.4.1 Quantification of immunolabeling 
To quantify the immunolabeling intensities of Nrg at wL3/WP/6h (Figure 
16D), soma/dendrite/axon regions were drawn on the appropriate fluorescent 
channel according to the GFP channel in ImageJ. After the background 
subtraction (Rolling Ball Radius=50), we measured the mean grey value of 
Nrg in the marked areas and normalized to that at wL3 stage. To quantify the 
ddaC/ddaE relative immunolabeling intensities ratio of Nrg (Figure 17D), 
soma/dendrite/axon regions were drawn on the appropriate fluorescent channel 
according to the GFP channel in ImageJ. After subtracting the background 
(Rolling Ball Radius=50) on the entire image of that channel, we measured the 
mean grey value in the marked areas in ddaC or ddaE on the same images and 
calculated their ratios. The ratios were normalized to corresponding average 
control values and subjected to statistical t-test for comparison between 
different conditions (*p<0.05, **p<0.01, ***p<0.001, n.s., not significant). 
Graphs display the average values of ddaC/ddaE ratios and the standard error 





2.4.2 Quantification of ddaC dendrites 
Live confocal images of ddaC neurons expressing UAS-mCD8-GFP driven by 
ppk-GAL4 were shown at WP, 6h APF and 16h APF. The average number of 
primary and secondary dendrites attached to soma was counted from wild type 
or mutant ddaC neurons. The total length of unpruned dendrites was measured 
by lines aligned with wild type or mutant ddaC neuron dendrites in Image J. 
The number of samples (n) in each group is shown on the bars. Error represent 


















Chapter 3 Results 
 
3.1 Dendrite remodeling of ddaC neurons during 
metamorphosis 
At larval stage, ddaC neurons in PNS exhibit complex dendrite arbors (Fig 1A, 
A’) and project long single axon to VNC in CNS (1E, E’). During early 
metamorphosis, class IV ddaC neurons in PNS undergo rapid extensive 
dendrite-specific pruning (Fig 1A-D’). At 0 hr APF (WP), the transition 
between larval and pupal stages, ddaC neurons display elaborate dendrite 
arbors (Fig 1A, A’). As metamorphosis progresses, the proximal dendrites of 
ddaC neurons form blebs at the proximal regions (Fig 1B, B’), the initial signs 
of dendritic instability. Subsequently, the dendrites thinning occur at the blebs 
along the dendrites which result in detachment, a process known as dendrite 
severing, at around 6 hr APF (Fig 1B, B’). The detached dendrites undergo 
rapid fragmentation (Fig 1C, C’). By 16 hr APF (Fig 1 D, D’), all the 
fragments and debris are cleared up, leaving the soma and intact axon. Taking 
the advantages of genetic manipulations and live imaging feasibility, we can 




Figure 1. ddaC neurons undergo dendrite specific pruning during early metamorphosis.  
 (A-D) A scheme of dendrite pruning in ddaC neuron at different stages during early 
metamorphosis. (A’-D’) Live confocal images of ddaC neurons expressing UAS-mCD8-GFP 
driven by ppk-Gal4 at different stages during early metamorphosis. (E) A scheme of axon, 
dendrites and soma of ddaC neuron. (E’) Live confocal images of f axon, dendrites and soma 
of ddaC neuron expressing UAS-mCD8-GFP (in green) driven by ppk-Gal4 and neurite 
labelled by Futch staining (in red). Scale bars are 50 µm.  
 
 
3.2 Genome-wide RNAi screen identifies novel players in 
dendrite pruning in ddaC neurons 
In order to isolate novel players involved in dendrite pruning, my colleagues 
and I have conducted genome-wide RNA interference (RNAi) screen in ddaC 
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neurons. We took advantage of Gal4/UAS expression system (Brand and 
Perrimon, 1993) and ddaC-specific driver Pickpocket-Gal4 (ppk-Gal4)  
(Grueber et al., 2003) to knockdown individual gene in ddaC neuron by 
expressing the corresponding inverted repeats RNAi construct (Dietzl et al., 
2007). We built up a drive line that contains ppk-Gal4 for ddaC-specific 
expression, UAS-mCD8GFP for live labelling, and UAS-Dicer2 for efficient 
cleavage of double-strain RNA. The screen was highly efficient. After 
crossing the VDRC RNAi library with the drivers, we picked up the white 
pupae of offspring, aged them for 16 h and processed live confocal imaging 
for phenotypes (Fig2A).  
Among 303 RNAi lines I screened, 14 lines corresponding to 13 genes were 
isolated with various pruning defects in the ddaC neurons at 16 hr APF (Table 
1). These genes are potential candidates involved in ddaC dendrite pruning 






Figure 2. Genome-wide RNAi screen identifies Rab5 as a novel player in ddaC dendrite 
pruning. (A) A scheme of RNAi screen in ddaC dendrite pruning. (B-D) Live confocal 
images of ddaC neurons expressing UAS-mCD8-GFP driven by ppk-Gal4 at WP stage and 16 
hr APF. While the wild-type ddaC neurons pruned all the larval dendrites at 16 hr APF. Red 
arrowheads point to the ddaC somas.  (B), knockdown Rab5 via v103945 (C) and v34096 
(D) resulted in consistent dendrite pruning defects at 16 hr APF. (E) A scheme of endocytic 
pathways including endosomal formation, MVB maturation, endosomal recycling and 
lysosomal degradation. Scale bar is 50 µm. 
 
 
3.3 Endocytic pathways are required for dendrite pruning in 
ddaC neurons 
 
3.3.1 Rab5-denpednt early endocytic pathway is required for dendrite 
pruning in ddaC neurons 
 
3.3.1.1 Rab5 is cell-autonomously required for dendrite pruning in ddaC 
neurons  
Interestingly, my colleagues and I uncovered two independent RNAi lines 
v103945 and v34096 targeting the same gene Rab5 that resulted in dendrite 
pruning defects at 16 hr APF. Compared to control RNAi expressing ddaC 
neurons that completely pruned the larval dendrites at 16 hr APF (n=20, Fig 
3A), knockdown Rab5 by v103945 and v34096 in ddaC neurons caused mild 
but consistent dendrite pruning defects (n=16 and 15, respectively; Fig 2C, D).  
Rab5, a member of Rab protein family, is highly conserved between 
vertebrates and invertebrates to regulate many aspects of cellular vesicle 
trafficking (Fig 2E). Rab proteins are small GTPases that can convert between 
guanosine-triphosphate (GTP)-bound active state and guanosine diphosphate 
(GDP)-bound inactive state (Huotari and Helenius, 2011). In order to verify 
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the RNAi knockdown phenotype, a dominant-negative GDP-bound mutated 
form Rab5S43N (Rab5DN) (Entchev et al., 2000) was expressed via ppk-Gal4 in 
ddaC neurons. Importantly, overexpression two copies of Rab5DN with two 
copies of ppk-Gal4 induced strong dendrite pruning defects with 5.2±0.6 
primary and secondary dendrites attached to soma and 963±47 μm unpruned 
dendrites remained in ddaC neurons at 16 hr APF (n=19, 100%; Fig 3B). 
Moreover, the pruning defects caused by Rab5DN overexpression could be 
rescued by co-overexpression of functional GFP-Rab5 (n=20, 0%, Fig 3C), 
suggesting the specificity of Rab5DN. To further support the involvement of 
Rab5 in dendrite pruning, homozygous ddaC clones for Rab52 null allele were 
generated by mosaic analysis with a repressible cell marker (MARCM) 
technique (Lee et al., 1999). Consistently, null allele Rab52 mutant ddaC 
clones showed severe dendrite pruning defects with 8.3±0.9 primary and 
secondary dendrites attached to soma and 1,286±74 μm unpruned dendrites 
remained (n=15, 100%; Fig 3D) at 16 hr APF. Similarly, overexpression of 
functional YFP-Rab5 almost fully recued the dendrite pruning defects in 
Rab52 ddaC clones (n=6, 0%; Fig3E).  





Figure 3. Early endocytic pathway is required for dendrite pruning in ddaC neurons.  
(A-E, .H, J) Live confocal images of ddaC neurons expressing UAS-mCD8-GFP driven by 
ppk-Gal4 at WP stage and 16 hr APF. Red arrowheads point to the ddaC somas. While the 
wild-type ddaC neurons pruned all the larval dendrites (A), ddaC neurons overexpressing 
Rab5DN exhibited obvious dendrite severing defects at 16 h APF (B). Co-overexpression of 
GFP-tagged full-length Rab5 fully rescued the severing defect in Rab5DN expressing ddaC 
neurons at 16 h APF (C). Rab52 MARCM ddaC clones exhibited more severe dendrite 
severing defects at 16 h APF (D). Overexpression of YFP-tagged full-length Rab5 fully 
rescued the dendrite pruning defects in Rab52 MARCM ddaC clones at 16 h APF (E). 
ShiTS-expressing ddaC neurons (H) or Avl1 MARCM ddaC clones (J) exhibited consistent 
dendrite pruning defects at 16 h APF. (F) Quantification of the average number of primary 
and secondary dendrites attached to the somas of wild-type and mutant ddaC neurons at WP 
stage and 16 h APF. (G, I, K) Quantification of the average length of unpruned dendrites of 
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ddaC neurons at 16 hr APF. The number of samples (n) in each group is shown on the bars. 
Error bars represent S.E.M.. *** p<0.001. Dorsal is up in all images. Scale bar is 50 µm.  
 
3.1.1.2 Early endocytic pathways components shibire and Avalanche are 
involved in dendrite pruning in ddaC neurons 
Rab5 is a key regulator in early endocytic pathway that control early 
endosome formation which leads to a hypothesis that the early endosomal 
function is required for dendrite pruning in ddaC neurons. Therefore, I 
examined overexpression of temperature-sensitive shibire (shits), a 
dominant-negative form of Drosophila Dynamin at restrictive temperature, 
which could block the membrane fission during budding of early endosomes 
(Waddell et al., 2000). Indeed, with culture at restrictive temperature 32℃ for 
2 days before puparium formation, overexpression of shits caused dendrite 
pruning defects at 16 hr APF (55%, n=20; Fig 3H, J). Moreover, I tested the 
potential function of Avalanche (Avl), a Drosophila homolog of early 
endosomal syntaxin7, that regulates early endosome fusion(Lu and Bilder, 
2005). Importantly, null allele avl1 mutant ddaC clones exhibited consistent 
dendrite pruning defects (100%, n=5; Fig 3I, J).  
Collectively, the early endocytic pathway is crucial for dendrite pruning in 
ddaC neurons during early metamorphosis.  
 
3.1.1.3 Rab5 regulates dendrite pruning in ddaC neurons independently 
of dendrite outgrowth defects 
As reported previously, the dendrite outgrowth was strongly disrupted in Rab5 
mutant ddaC neurons, reflected by simplified dendrite arbor at WP stage (Fig 
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3B, D)(Satoh et al., 2008). In order to rule out the possibility that the dendrite 
pruning defect are side effects of initial morphology defects, I used inducible 
gene-switch system (Osterwalder et al., 2001) to express Rab5DN at 3rd instar 
larval stage, which did not affect the initial ddaC dendrite branching. 
Importantly, with wild-type dendrite arbors at WP stage, dendrite pruning 
defects were still observed in ddaC neurons of the RU486-fed animals at 16 h 
APF (50%, n=32; Fig 4A-C), suggesting that pruning defects derived from 





Figure 4. Endocytic pathways function in dendrite pruning independently of dendrite 
outgrowth defects in ddaC neurons. (A, B, D, E) Live confocal images of ddaC neurons 
expressing ppk-mCD4-tdGFP at WP stage and 16 h APF. Red arrowheads point to the ddaC 
somas. Using the RU486-inducible Gene-Switch system, inducible expression of Rab5DN (B) 
or Vps4DN (C) at the 3rd instar stage resulted in dendrite severing defects in ddaC neurons at 16 
h APF without morphology defects at WP stage (A, D). (C, F) Quantification of the average 
length of unpruned dendrites of ddaC neurons at 16 hr APF. The number of samples (n) in 
each group is shown on the bars. Error bars represent S.E.M.. *** p<0.001. Dorsal is up in all 




3.1.1.4 Rab5 is required for dendrite pruning in ddaD/E neurons but not 
apoptosis in ddaF neurons 
During early metamorphosis, ddaD/E neurons also undergo dendrite pruning. 
In contrast to wild-type ddeD/E neurons that pruned their dendrite by 19 hr 
APF (n=20; Fig 5A), Rab52 mutant ddaD/E clones showed strong pruning 
defect (100%, n=3; Fig 5B). Next, I examined ddaF neurons which undergo 
apoptosis during early metamorphosis. Interestingly, similar to wild-type ddaF 
neurons (n=5; Fig 5F), Rab52 mutant ddaF clones died by 16 hr APF (n=3; Fig 
5G), suggesting that Rab5 is dispensable for apoptotic neurons during early 
metamorphosis.  
Taken together, Rab5 is specifically required for dendrite pruning in sensory 




Figure 5. Endocytic pathways are important for dendrite pruning in ddaD/E neurons 
but dispensable for apoptosis in ddaF neurons. (A-I) Live confocal images of ddaD/E 
(A-E) or ddaF (F-I) neurons expressing mCD8-GFP at WP stage, 16 h or 19 h APF. Red 
arrowheads point to the ddaC somas. Red arrows point to the ddaD somas and open 
arrowheads to the ddaE somas. (A-E) While wild-type class I ddaD/ddaE neurons pruned their 
larval dendrites at 19 h APF (A), Rab52 (B), Vps28B9 (C), Vps32G5 (D) or Vps4DN-expressing 
(E) ddaD neurons failed to prune their larval dendrites at 19 h APF. (F-I) Similar to wild-type 
ddaF (F), Rab52 (B), Vps28B9 (C), Vps32G5 (D) MARCM ddaF clones died at 16 hr APF. Scale 
bar is 50µm. 
 
3.1.1.5 Rab5 is required for dendrite pruning rather than a general effect 
on cell survival 
Since early endocytic pathway is critical for homeostasis in almost all cell 
types, it is possible that the dendrite pruning defects are side-effects of the 
unhealthy state in endocytic pathway mutant neurons. To rule out this 
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possibility, first, I examined two ddaC neuron specific markers Cut and Knot 
(Jinushi-Nakao et al., 2007). Interestingly, in Rab5DN-expressing ddaC 
neurons (n=5, 5; Fig 6B, E), Cut and Knot staining were indistinguishable 
with wild-type neurons (n=5, 5; Fig 6A, D), suggesting that early endocytic 
pathway mutants do not affect the cell fate and identity of ddaC neurons. 
Second, I tested the upregulation of EcR-B1, a key upstream target of 
ecdysone signaling, during early metamorphosis in ddaC neurons (Kirilly et al., 
2009). Similarly, EcR-B1 expression was also unaffected in 
Rab5DN-expressing ddaC neurons (n=10; Fig 6H) compared to wild type (n=20 
Fig 6G), indicating that the general response to metamorphosis is normal.  
Taken together, early endocytic pathway appears to be required for dendrite 




Figure 6. Loss of Rab5/ESCRT function does not lead to changes in general cell fate or 
identity of ddaC neurons. (A-I) Confocal images of wild-type and mutant ddaC neurons at 
WP stage immunostained with anti-Cut (A-C), anti-Knot (D-F), or anti- EcR-B1 (G-I). 
Rab5DN (B, E, H) or Vps4DN-expressing (C, F, I) ddaC neurons showed normal Cut, Knot and 
EcR-B1 staining at WP stage as wild-type control (A, D, G). Dorsal is up in all images. Scale 
bar is 20µm.  
 
 
3.2.2 ESCRT-dependent endosomal maturation pathway is required for 
dendrite pruning 
 
3.2.2.1 ESCRT is required for dendrite pruning in ddaC neurons 
ESCRT-dependent endosomal maturation pathway is one of downstream 
routes after early endosome formation (Huotari and Helenius, 2011). Thus, I 
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examined the potential involvement of ESCRT during dendrite pruning by 
testing several core components of ESCRT complexes. First, I tested the 
Vps32, a component of ESCRT-III complex. null allele Vps32G5 (Vaccari et 
al., 2009) mutant ddaC clones for showed strong dendrite pruning defects with 
4.4±0.7 primary and secondary dendrites attached to soma and 796±97 μm 
unpruned dendrites remained at 16 hr APF (87%, n=23; Fig 7B, G, H). The 
pruning defects of Vps32G5 mutant clones could be rescued by reintroduction 
of functional Myc-Vps32 (n=6; Fig 7E, G, H). Second, for Vps28, a 
component of ESCRT-I complex, null allele Vps28B9 (Vaccari et al., 2009) 
mutant ddaC clones exhibited similar dendrite pruning defects at 16 hr APF 
(62%, n=13; Fig 7D, G, H), which could be rescued by overexpression of 
wild-type Vps28 (n=3; Fig 7E, G, H). Lastly, disruption of Vps4, an AAA 
ATPase to disassembly ESCRT-III complex, by overexpression of 
dominant-negative form of Vps4 (Vps4DN) that lacking the AAA ATPase 
activity (Rusten et al., 2007) resulted in consistent dendrite pruning defects 
(n=25, 72%; Fig 7F, G, H).  






Figure 7. Endosomal maturation pathway is critical for dendrite pruning in ddaC 
neurons. (A-F) Live confocal images of ddaC neurons expressing UAS-mCD8-GFP at WP 
stage and 16 h APF. Red arrowheads point to the ddaC somas. While wild-type (A) ddaC 
neurons removed all their larval dendrites at 16 h APF, Vps32G5 (B) or Vp28B9 MARCM ddaC 
clones exhibited dendrite severing defects at 16 h APF. Overexpression of Myc-tagged 
full-length Vps32 fully or full-length Vps28 rescued the dendrite severing defects in Vps32G5 
(C) or ddaC Vp28B9 MARCM clones at 16 h APF, respectively. Moreover, ddaC neurons 
overexpressing Vps4DN (D) also exhibited dendrite severing defects at 16 h APF. (G) 
Quantification of the average number of primary and secondary dendrites attached to the 
somas of wild-type and mutant ddaC neurons at WP stage and 16 h APF. (H) Quantification 
of the average length of unpruned dendrites of ddaC neurons at 16 hr APF. The number of 
samples (n) in each group is shown on the bars. Error bars represent S.E.M.. *** p<0.001. 




3.3.2.2 ESCRT function in dendrite pruning independently of dendrite 
outgrowth defects in ddaC neurons 
Consistent with the previous study, Vps32 mutant (Sweeney et al., 2006) and 
other ESCRT components mutant showed over-branching at proximal dendrite 
region (Fig 7B, D, F). Thus, I used Gene-switch system to overexpress Vps4DN 
at late 3rd instar larval stage to avoid the outgrowth defects. Compared to the 
non-fed control (Fig 4D), Vps4DN-expressing ddaC neurons from RU486-fed 
animals exhibited consistent dendrite pruning defects (75%, n=24; Fig 7E) 
without affecting the initial dendrite morphology, suggesting that ESCRT 
regulates dendrite pruning independently of dendrite branching.   
 
3.3.2.3 ESCRT-dependent endosomal maturation pathway phenocopies 
Rab5-dendepdent early endocytic pathway during dendrite pruning in 
ddaC neurons 
Resembling Rab52 mutant, Vps28B9 (100%, n=3; Fig 5C), Vps32G5 (100%, n=4, 
Fig 5D) and Vps4DN-expressing ddaD/E neurons (100%, n=28; Fig 5E) 
showed pruning defect at 19 hr APF. Moreover, apoptosis of Vps28B9 (n=3; 
Fig 5H), Vps32G5 (n=3; Fig 5I) mutant ddaF neurons remained normal as wild 
type, indicating ESCRT-dependent endosomal maturation pathway is 
specifically required for dendrite pruning instead of apoptosis. In addition, 
consistent with Rab5DN-expressing ddaC neurons, Cut (n=5; Fig 6C), Knot 
(n=5; Fig 6F) and EcR-B1 (n=10; Fig 6I) staining in Vps4DN-expresssing ddaC 
neurons remained the same as wild-type ddaC neurons (n=5, 5, 20; Fig 6A, D, 
G), further suggesting ESCRT is specifically required for dendrite pruning 
instead of overall cellular homeostasis.  
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Collectively, ESCRT-dependent endosomal maturation pathway, resembling 
early endocytic pathway, is required for dendrite pruning in sensory neurons.   
 
3.3.3 Lysosomal function regulator Rab7/Fab1/Spinster is dispensable for 
dendrite pruning 
After endosomal maturation, one major route for MVB is to fuse with 
lysosomes for contents degradation (Huotari and Helenius, 2011). Thus, I 
investigated the potential involvement of the lysosomal function in ddaC 
dendrite pruning.  First, I focused on Rab7, another highly conserved Rab 
family small GTPase which is important for lysosomal fusion and regeneration 
in mammalian studies (Bucci et al., 2000; Jordens et al., 2001). In order to test 
the potential function during ddaC dendrite pruning, I generated Rab7 null 
allele Rab7EX1 which deletes the translation starting site by imprecise 
P-element excision technique (Fig 8A). Interestingly, like wild-type neurons, 
homozygous Rab7EX1 mutant ddaC neurons pruned the larval dendrites by 16 
hr APF (n=6; Fig 8B). Second, I examined fab1 which has been reported to 
regulate MVB/lysosome fusion (Rusten et al., 2007). Consistently, fab121 
mutant ddaC clones pruned the dendrite as wild-type neurons by 16 hr APF 
(n=6; Fig 8C). Thirdly, my colleague and I tested Spinster, a predicted 
lysosomal sugar transporter that regulates lysosome acidification (Dermaut et 
al., 2005; Sweeney and Davis, 2002). Similarly, Spinster mutants did not show 
obvious pruning defects (n=16; Fig 8D). Collectively, functions of the Rab7, 
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Figure 8. Lysosomal pathway components Rab7, fab1, Spin are not required for dendrite 
pruning in ddaC neurons. (A) A scheme of Rab7EX1 mutant. (B-D) Live confocal images of 
ddaC neurons expressing UAS-mCD8-GFP at WP stage and 16 h APF. Red arrowheads point 
to the ddaC somas. Rab7EX1 (B), fab121 (C) or spin11F5 (D) mutant ddaC neurons exhibited 





3.4 Endocytic pathways regulate the turnover of certain cell 
surface molecules in ddaC neurons 
3.4.1 Disruption of Rab5/ESCRT endocytic pathways leads to abnormal 
endosome formation 
3.4.1.1 Disruption of endocytic pathways lead to aberrant endomsomes 
and Ubiquitinated protein deposits in ddac neurons 
Based on the well-defined functions of Rab5/ESCRT in regulating endocytic 
trafficking, I attempted to investigate the cellular mechanisms underlying the 
endocytic pathways in dendrite pruning. Making use of the early endosomal 
marker Avl (Lu and Bilder, 2005), I examined the pattern of endosomal 
compartments in ddaC neurons. In wild-type ddaC neurons, Avl labelled small 
and weak puncta which reflecting the distribution of early endosomes (n=8; 
Fig 9A). However, in Rab52 (100%, n=4; Fig 9B) and Rab5DN-expressing 
(100%, n=12; Fig 10B) ddaC neurons, Avl staining strongly labelled several 
large punctate structures, consistent with the previous report that disruption of 
early endocytic pathway results in enlarged aberrant endosomes (Satoh et al., 
2008). Moreover, these enlarged abnormal endosomes were colabelled by 
anti-ubiquitin antibody (100%, n=4, 100%, n=12; 12Fig 9B, 10B), indicating 
the failure of ubiquitinated contents degradation. Interestingly, mutants of 
ESCRT components Vps32G5 (100%, n=4; Fig 9C), Vps28B9 (100%, n=4; Fig 
9D) and Vps4DN-expressing (100%, n=10; Fig10C) ddaC neurons exhibited 
even more diffused and severe Avl/Ubi-positive aberrant endosomes. In 
addition, early endosome/MVB marker hrs (Lloyd et al., 2002) also 
accumulated on these aberrant endosomes in Rab52 (100%, n=5; Fig 9F), 
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Rab5DN-expressing (100%, n=14; Fig 10F), Vps32G5 (100%, n=3; Fig 9G), 
Vps28B9 (100%, n=3; Fig 9H) and Vps4DN-expressing (100%, n=10; Fig10G), 
further supporting the disruption of normal endocytic trafficking. In addition, 
using Gene-Swtich system to express Rab5DN (52%, n=21, 60%, n=10; Fig 
17K, L) or Vps4DN (80%, n=10, 89%, n=9; Fig 17M, N) at late larval stage 
was sufficient to induce the formation of aberrant endosomes at WP stage or 6 
hr APF, indicating the aberrant endosomes and ubiquitinated deposits at least 
partially formed during dendrite pruning. Taken together, Rab5 and ESCRT 
complexes-dependent endocytic pathways are required for proper endosomal 
trafficking and degradation of ubiquitinated proteins in ddaC neurons. 
Given that the pattern of aberrant endosomes were different between Rab5 and 
ESCET mutants, I tried to co-express Rab5DN and Vps4DN in ddaC neurons. 
Ideally, Co-overexpression of Rab5DN and Vps4DN should mimic Rab5DN 
phenotype because Rab5 is upstream of ESCRT. Indeed, disruption of Rab5 
and Vps4 led to two to three enlarged endosomes (n=10, 10; Fig 10D, H), 
mimicking loss of Rab5 alone (n=12, 14; Fig 10B, F), indicating Rab5 is 
epistatic to ESCRT in aberrant endosome formation.  
Next, I went on examining the late endosome/lysosome marker GFP tagged 
lysosome-associated membrane protein 1 (LAMP1-GFP) in ddaC neurons 
(Pulipparacharuvil et al., 2005). In wild-type neurons, LAMP1-GFP exhibited 
dispersive and small puncta (n=12; Fig 9I). However, in Rab5DN (100%, n=20; 
Fig 9J) and Vps4DN-expressing (100%, n=10; Fig 9J) ddaC neurons, 
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LAMP1-GFP showed two to three enlarged puncta that colocalized with 
ubiquitinated protein deposits, indicating that the aberrant endosomes might 
possess the nature of late endosomes and/or lysosomes. 
Taken together, disruption of endocytic pathways results in formation of 






Figure 9. Loss of Rab5/ESCRT function leads to aberrant endosome formation and 
ubiquitinated protein deposits in ddaC neurons. (A-H) Confocal images of wild-type and 
mutant ddaC neurons at the late wL3 stage immunostained with anti-Avl (in red), 
anti-Ubiquitin (in blue), or anti- Hrs (in red). ddaC somas are marked by dashed lines. (A-D) 
Avl and ubiquitinated protein deposits were accumulated on enlarged endosomes in Rab52 (B), 
Vp32G5 (C) or Vps28B9 (D) MARCM ddaC clones, but not in the wild-type (A) ddaC neurons. 
(E-H) Hrs proteins were accumulated on aberrant endosomes in Rab52 (F), Vp32G5 (G) or 
Vps28B9 (H) MARCM ddaC clones but not in wild-type (E) ddaC neurons. (I-K) Confocal 
images of ddaC neurons expressing a late endosomal/lysosomal marker LAMP1-GFP (in 
green) driven by ppk-Gal4 at the late wL3 stage immunostained with anti-Ubiquitin (in red). 
While LAMP1-GFP showed uniform distribution in wild-type ddaC neurons (I), LAMP1-GFP 
was enriched on the enlarged endosomes in Rab5DN (J) or Vps4DN (K) expressing ddaC 
neurons. (L-N) Confocal images of ddaC neurons expressing LAMP1-GFP driven by 
ppk-Gal4 at the late wL3 stage were stained with LysoTracker (in red). While LysoTracker 
signals were partially colocalized with LAMP1-GFP in wild-type (L) ddaC neurons, 
LysoTracker staining did not colocalize with LAMP1-GFP-positive aberrant endosomes in 






Figure 10. Early endocytic pathway is upstream of endosomal maturation pathway in 
ddaC neurons. (A-H) Confocal images of wild-type and mutant ddaC neurons expressing 
UAS-mCD8-GFP driven by ppk-Gal4 at the late wL3 stage immunostained with anti- Avl (in 
red), anti-Ubiquitin (in blue), or anti-Hrs (in red). ddaC somas are marked by dashed lines. 
(A-D) Avl proteins and ubiquitinated proteins were accumulated on aberrant endosomes in 
Rab5DN (B) or Vps4DN-expressing (C) ddaC neurons in distinct patterns, while Rab5DN and 
Vps4DN co-expressing (D) mimicked Rab5DN-expressing ddaC neurons. (E-H) Consistently, 
Hrs proteins and ubiquitinated proteins were accumulated on aberrant endosomes in Rab5DN 
(F) or Vps4DN-expressing (G) ddaC neurons in distinct patterns, while Rab5DN and Vps4DN 
co-expressing (H) mimicked Rab5DN-expressing ddaC neurons. Dorsal is up in all images. 




3.4.1.2 Aberrant endosomes derived from endocytic pathways mutants 
fail to fuse with lysosomes to degrade the contents in ddaC neurons 
To further clarify the feature of aberrant endosomes derived from 
Rab5/ESCRT mutant ddaC neurons, I utilized LysoTracker, a fluorescent dye 
labels highly acidified lysosomal compartments, to stain the aberrant 
endosomes. In wild-type neurons, LysoTracker staining partially colocalized 
with LAMP1-GFP, suggesting part of the LAMP-GFP-positive vesicles were 
acidified lysosomes (n=13; Fig 9L). On the contrary, LysoTracker failed to 
label the LAMP-GFP-positive aberrant endosomes derived from Rab5DN (n=8; 
Fig 9M) or Vps4DN-expressing (n=10; Fig 9N) ddaC neurons, suggesting that 
aberrant endosomes are not capable to fuse with lysosomes to degrade the 
contents.  
Thus, aberrant endosomes and ubiquitinated protein deposits in Rab5/ESCRT 
mutant ddaC neurons appear to result from disruption of normal endosomal 
maturation and failure of endosome/lysosome fusion.  
  
3.4.1.3 Disruption of endocytic pathways do not affect other organelles in 
ddaC neurons 
As control experiments, I tested the patterns of other organelles in endocytic 
mutant ddaC neurons via various markers, such as the mitochondria marker 
Mito-GFP (n=10, respectively; Fig A-C), the cis-Golgi marker GM130 (n=10, 
respectively; Fig D-F) and ER marker KDEL (n=10, respectively; Fig G-I). 
Importantly, all these markers showed normal patterns in Rab5DN or 
Vps4DN-expressing ddaC neurons and did not colocalized with the 
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ubiquitinated deposits, indicating that endocytic pathways mutant specifically 
affect endosomal compartments in ddaC neurons. 
 
Figure 11. Loss of Rab5/ESCRT functions does not affect other organelles in ddaC 
neurons. (A-E) Confocal images of wild-type and mutant ddaC neurons expressing 
UAS-mCD8-GFP or UAS- Mito-GFP (in green) driven by ppk-Gal4 at the late wL3 stage 
immunostained with anti-Ubiquitin (in blue), anti-cis-Golgi marker GM130 (in red) or 
anti-endoplasmic reticulum maker KDEL (in red). ddaC somas are marked by dashed lines. 
(A-C) Mito-GFP in Rab5DN (B) or Vps4DN (C) ddaC neurons was distributed similar to that in 
wild-type ddaC neurons (A) and absent from the aberrant endosomes. (D-F) GM130 in ddaC 
neurons expressing Rab5DN (E) or Vps4DN (F) was similar to wild-type ddaC neurons (D) and 
absent from the aberrant endosomes. (G-I) KDEL staining in ddaC neurons expressing Rab5DN 
(H) or Vps4DNv (I) remained indistinguishable to wild-type ddaC neurons (G) and absent from 




3.4.2 Cell-surface molecules accumulate on aberrant endosomes in 
Rab5/ESCRT mutant ddaC neurons 
3.4.2.1 Endocytic pathways do not regulate canonical targets turnover in 
ddaC neurons   
Endocytic pathways are crucial for internalizing cell-surface molecules to 
attenuate various signaling pathways to achieve proper homeostasis in 
different cell types (Ceresa and Schmid, 2000). In order to uncover the 
potential endocytosed membrane molecules involved in ddaC dendrite pruning, 
I tested the some known signaling pathways undergo endocytosis in 
Drosophila during development, including Notch, Wingless, Dpp, EGFR, 
TKR, PVR and Hegehog (Dubois et al., 2001; Jekely and Rorth, 2003; Lloyd 
et al., 2002; Thompson et al., 2005; Vaccari and Bilder, 2005). However, none 
of these signaling pathways seem to be involved in ddaC dendrite pruning. 
First, via antibody immunostaining, none of the ligands/receptors in these 
pathways accumulated on aberrant endosomes in Rab5DN or 
Vps4DN-expressing ddaC neurons (Table 2). Second, reporters and effectors of 
these pathways showed no difference in Rab5DN or Vps4DN-expressing ddaC 
neurons when compared to wild-type neurons (Table 3). Lastly, suppression of 
these pathways via overexpression of dominant negative components did not 
alter the dendrite pruning defects caused by overexpression of Rab5DN in ddaC 
neurons (Table 4). 
Collectively, these known targets of endocytic pathways are not required for 




3.4.2.2 Antibody-based screen uncovers cell-surface molecules Nrg, Robo 
and N-Cad as cargoes of endocytic pathways in ddaC neurons 
In order to search for the potential targets of endocytic pathways in ddaC 
neurons, I made use of a monoclonal antibody collection from Developmental 
Studies Hybridoma Bank (DSHB) against cell-surface molecules. In this 
antibody-based candidate screen, Nrg, Roundabout (Robo) and N-Cadherin 
(N-Cad) were identified to accumulate on the aberrant endosomes among 45 
antibodies tested (Table 5).  
Nrg is a highly conserved L1-CAM cell adhesion molecule that regulates axon 
targeting, neurites legation, synapse formations in both vertebrates and 
invertebrates (Hortsch, 2000). BP104 specifically recognized the neuron 
isoform Nrg180 (Hortsch et al., 1990). At wandering 3rd instar larval stage 
(w3L), Nrg located on plasma membrane in ddaC neurons (n=12; Fig 12A). 
Interestingly, in contrast to wild-type ddaC neurons, Nrg strongly accumulated 
on aberrant endosomes labelled by Avl in Rab52 mutant (100%, n=12; Fig 
12B) and Rab5DN-expressing (100%, n=12; Fig 12C) ddaC neurons. In 
addition, Nrg level also increased by 1.5 folds on soma cortex in Rab52 (Fig 
12B) and Rab5DN-expressing (Fig 12C) mutant ddaC neurons compared to 
wild-type ddaC neurons (Fig 12A), which might due to the disruption of Nrg 
internalization from plasma membrane. Knockdown of Nrg via RNAi in 
Rab5DN-expressing ddaC neuron almost fully eliminated Nrg staining (n=5; 
Fig 12D), suggesting that the Nrg staining was specific. In Vps32G5 mutant 
(100%, n=8; Fig 12E) or Vps4DN-expressing (100%, n=10; Fig 12F) ddaC 
`62 
 
neurons, Nrg showed even stronger aggregations on the aberrant endosomes, 
which could be removed by Nrg RNAi knockdown (n=10; Fig 12G). Taken 
together, Nrg turnover requires Rab5/ESCRT-dependent endocytic pathways.  
Similarly, Robo, a transmembrane receptor of Slit that is important for axon 
guidance (Kidd et al., 1999), and N-Cad, a cell adhesion molecule regulate 
various neuronal development including outgrowth, fasciculation, 
differentiation (Kurusu et al., 2012), exhibited accumulations on aberrant 
endosomes in Rab5/ESCRT mutant ddaC neurons. By using 13C9 that 
recognized Robo, accumulations were detected on aberrant endosomes in 
Rab52 (100%, n=3; Fig 13B), Rab5DN-expressing (100%, n=3; Fig 13I), 
Vps32G5 (100%, n=3; Fig 13C), Vps28B9 (100%, n=3; Fig 13D) or 
Vps4DN-expressing (100%, n=10; Fig 13K), although endogenous Robo 
staining was undetectable in wild-type ddaC neurons (n=10; Fig 13A). 
Likewise, the Robo accumulations were eliminated by RNAi knockdown (n=6; 
Fig 13J), indicating the specificity of antibody staining. Displaying similar 
pattern as Robo, N-Cad Strongly accumulated on aberrant endosomes by 
DN-Ex #8 staining (100%, n=3, 5, 4, 10, 10, respectively; Fig 13F-H, J, K) and 
showed no obvious staining in wild-type ddaC neurons (n=10; Fig 13E). 
N-Cad staining was specific which was demonstrated by removal of 
accumulations by RNAi knockdown (n=6; Fig 13L). These data suggest that 




Figure 12. Cell adhesion molecule Nrg accumulates on the aberrant endosomes in 
Rab5/ESCRT mutant ddaC neurons. (A-G) Confocal images of ddaC neurons expressing 
UAS-mCD8-GFP driven by ppk-Gal4 at late wL3 stage immunostained for Nrg (in red) and 
Avl (in blue). ddaC somas are marked by dashed lines. In wild-type (A) ddaC neurons, 
cortically localized Nrg and weak Avl puncta were detected at late wL3 stage in ddaC 
neurons, whereas Nrg proteins were robustly accumulated on Avl-positive aberrant 
endosomes in Rab5DN (B) or Vps4DN (F) expressing ddaC neurons, Rab52 (C), Vp32G5(E) 
MARCM ddaC clones. The Nrg levels in Rab5DN (D) or Vps4DN (G) expressing ddaC neurons 
were greatly diminished by Nrg RNAi knockdown. (H-J) Confocal images of wild-type and 
mutant MB γ neurons expressing UAS-mCD8-GFP driven by 201Y-Gal4 at the late wL3 stage 
immunostained for Nrg (in red) and the early endosomal marker Avl (in blue). Somas of MB γ 
neuron are marked by dashed lines.  Wild-type γ neurons (H) exhibited cortical Nrg staining 
and weak Avl staining. Rab52 MARCM (I) and Vps4DN-expressing γ neurons (J) exhibited 
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enlarged Avl-positive endosomes with no Nrg aggregates. Dorsal is up in all images. The 
scale bar in A is 10 µm, and scale bar in H is 20 µm. 
 
3.4.2.3 Endocytosis of Nrg is cell type-specific 
Furthermore, I examined if endocytosis of Nrg was a common event in 
different types of neurons. I generated Rab52 mutant clones for mushroom 
body γ neurons, CNS neurons that also undergo pruning. Interestingly, these 
Rab52 mutant clones showed obvious aberrant endosomes labelled by Avl 
(n=10; Fig 12I). However, Nrg was still localized on plasma membrane 
instead of aberrant endosomes (n=5; Fig 12I), similar to wild type (n=10; Fig 
12 H). Consistently, Nrg was not enriched on aberrant endosomes in 
Vps4DN-expressing mushroom body γ neurons (n=10; Fig 12J).  
Thus, active redistribution and downregulation of Nrg via endocytic pathways 
appears to be a specific event during dendrite pruning in ddaC neurons.   
 
3.4.2.4 Endocyitc pathways are selectively required for the turnover of 
certain cell-surface protein   
Nrg, Robo and N-Cad are specifically mediated by endocytic pathways rather 
than generally endocytosed together with all the membrane-associated proteins. 
First, the majority of the antibody-based screen candidates did not accumulate 
on aberrant endosomes (Table 5). Second, the membrane-bond mCD8-GFP 
did not colocalize with aberrant endosomes. Third, CAMs intergrins that 
function in ddaC neuron during dendrite branching (Han et al., 2012) did not 
show enrichment on aberrant endosomes (n=5, 5; Fig 13N, O).  
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Taken together, turnovers of Nrg, Robo and N-Cad appear to be regulated by 




Figure 13. The cell-surface molecules Robo and N-Cad enrich on aberrant endosomes in 
Rab5/ESCRT mutant ddaC neurons but not integrin. (A-E) Confocal images of wild-type 
and mutant ddaC neurons expressing UAS-mCD8-GFP at the late wL3 stage immunostained 
with anti-Robo (in red), anti-Avl (in blue), anti-N-Cad (in red) or anti-α-PS1-integrin (in red). 
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ddaC somas are marked by dashed lines. (A) Compared to weak staining in wild-type ddaC 
neurons, Robo protein was accumulated on aberrant Avl-positive endosomes in Rab52, Vp32G5 
or Vps28B9 MARCM ddaC clones. (B) Compared to weak staining in wild-type ddaC neurons, 
N-Cad was accumulated on aberrant Avl-positive endosomes in Rab52, Vp32G5 or Vps28B9 
MARCM ddaC clones. (C) Accumulation of Robo protein on aberrant Avl-positive 
endosomes in Rab5DN-expressing ddaC neurons was greatly diminished by robo RNAi 
knockdown. (D) Accumulation of N-Cad protein on aberrant Avl-positive endosomes in 
Rab5DN-expressing ddaC neurons was greatly diminished by N-Cad RNAi knockdown. (E) 
Similar to wild-type ddaC neurons, α-PS1-integrin was not accumulated on the aberrant 




3.5 Nrg plays an inhibitory role during dendrite pruning in 
ddaC neurons 
 
3.5.1 Overexpression of Nrg is sufficient to inhibit dendrite pruning ddaC 
neurons 
 
3.5.1.1 Overexpression of Nrg results in dendrite pruning defects in ddaC 
neurons 
Based on the strong accumulations of Nrg in endocytic pathways mutant ddaC 
neurons, I suspected that upregualtion of Nrg might play an inhibitory role 
during dendrite pruning. To justify this hypothesis, Nrg was overexpressed in 
ddaC neurons by two independent transgenes UAS-Nrg (Islam et al., 2003) 
and UAS-Nrg-EGFP (Enneking et al., 2013). Interestingly, overexpression of 
Nrg via two copies of UAS-Nrg and two copies of ppk-Gal4 in ddaC neurons 
exhibited strong pruning defects with 4.0±0.4 primary and secondary dendrites 
attached to soma and 556±37 μm unpruned dendrites remained at 16 hr APF 
(87%, n=23; Fig 13B, G, H). Similarly, overexpression of Nrg via two copies 
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of UAS-Nrg-EGFP and two copies of ppk-Gal4 led to strong pruning defects 
with 3.9±0.4 primary and secondary dendrites attached to soma and 637±40 
μm unpruned dendrites remained at 16 hr APF (90%, n=24; Fig 13C, G, H). 
Importantly, overexpressed Nrg was strongly localized on plasma membrane 
of soma cortex, dendrites and axons that persisted throughout dendrite pruning 
process from late larval stage to 16 hr APF. 
In summary, overexpression of Nrg is sufficient to cause dendrite pruning 





Figure 14. Overexpression of Nrg is sufficient to inhibit dendrite pruning in ddaC 
neurons. (A-D) Live confocal images of ddaC neurons expressing UAS-mCD8-GFP driven 
by ppk-Gal4 at 16 h APF. Red arrowheads point to the ddaC somas. (A-F) While wild-type 
neurons removed all their larval dendrites at 16 h APF, the ddaC neurons expressing higher 
levels of Nrg (B), Nrg-EGFP (C), NrgΔICD (D), NrgΔABD or NrgΔABD+PBD exhibited notable 
severing defects at 16 h APF. (G) Quantification of the average number of primary and 
secondary dendrites attached to the somas of wild-type and mutant ddaC neurons at 16 h APF. 
(H) Quantification of the average length of unpruned dendrites of ddaC neurons at 16 hr APF. 
The number of samples (n) in each group is shown on the bars. Error bars represent S.E.M.. 





3.5.1.2 Nrg extracellular domain is sufficient to inhibit dendrite pruning 
in ddaC neurons 
Nrg is a conserved single-transmembrane CAM consists of large extracellular 
domain (ECD) and small intracellular domain (ICD) (Fig 22A). The 
extracellular region contains six immunoglobulin (Ig) and five FnIII domains, 
which is known to be important for homotypic interaction with Nrg itself or 
heterotypic binding to other molecules. The intracellular region of Nrg 
contains FERM-binding domain, ankyrin-binding domain (ABD), and 
PDZ-binding domain (PBD). It has been reported that ABD is required for 
Ankyrin and actin cytoskeletons attachment (Enneking et al., 2013). In order 
to investigate the Nrg function in dendrite pruning, various truncations of Nrg 
were overexpressed in ddaC neurons. Interestingly, overexpression of Nrg 
truncation lacking the whole ICD (NrgΔICD) caused dendrite pruning defects 
(n=16; Fig 13D), suggesting that the ECD is sufficient to inhibit dendrite 
pruning. Moreover, Nrg truncations lacking ABD alone (NrgΔABD) (n=24; 
Fig14E) or both ABD and PBD (NrgΔABD+PBD) (n=31; Fig 14F) had consistent 
inhibitory function during dendrite pruning in ddaC neurons.  
Thus, the ECD of Nrg appears to be important for the inhibitory function in 
ddaC dendrite pruning during early metamorphosis. 
 
3.5.1.3 Nrg homophilic binding between ddaC and neighboring cells are 
not required for inhibiting dendrite pruning 
Homophilic interaction via Nrg ECD between da neurons and glial cells is 
important for da neuron branching (Yamamoto et al., 2006). Therefore, I 
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investigated that whether Nrg ECD interaction between ddaC and neighboring 
cells are important for its inhibitory role in dendrite pruning. To this end, I 
overexpressed Nrg glial cells by using repo-Gal4 or in epithelial cells by 
arm-Gal4. Interestingly, overexpression of Nrg via repo-Gal4 (n=14; Fig 14I) 
or arm-Gal4 (n=16; Fig 14J) did not resulted in dendrite pruning defects in 
ddaC neurons. Moreover, neither overexpression of Nrg in glial cells (n=39; 
Fig 14L, L) or epidermal cells (n=46; Fig 14M) enhanced the dendrite pruning 
defects of Nrg-overexpressing ddaC neurons.  
Thus, homotypic interaction of Nrg between ddaC neurons and glia/epidermal 
cells appears to be dispensable for the inhibitory function of Nrg in regulating 
dendrite pruning in ddaC neurons.   
 
3.5.1.4 Overexpression of Robo or N-Cad do not induce dendrite pruning 
defects in ddaC neurons 
Next, I also attempted to assess if overexpression of Robo or N-Cad was able 
to cause dendrite pruning defects in ddaC neurons. In contrast to Nrg, 
overexpression of Robo (n=20; Fig 19B) or N-Cad (n=10; Fig 19C) did not 
lead to obvious dendrite pruning defects, suggesting the specificity of Nrg in 
regulating dendrite pruning among these cell-surface molecules.  
Taken together, overexpression of Nrg alone is sufficient to induce dendrite 
pruning process but not Robo or N-Cad. 
 




3.5.2.1 Nrg mutant ddaC neurons exhibit precocious dendrite pruning 
Given that overexpression of Nrg is sufficient to inhibit dendrite pruning in 
ddaC neurons, I further examine whether there is opposite phenotype, 
precocious dendrite pruning, in loss of Nrg background. In wild type ddaC 
neurons, the majority of dendrite arbor remained connected to the soma with 
an average of 10.1±1.0 primary and secondary dendrites attached (n=29; Fig 
15A, G). Surprisingly, in null allele nrg14 mutant ddaC clones which 
eliminated Nrg proteins (n=5; Fig 15K), the dendrites were severed form soma 
and underwent fragmentation at 6 hr APF with average of 1.6±0.4 primary and 
secondary dendrites attached to soma only (n=47; Fig 15B, G). In addition, the 
progressive precocious pruning phenotypes could be observed at different time 
points such as 4 or 5 hr APF. To further verify the precocious pruning 
phenotype in nrg14 ddaC clones, by using the genetically encoded calcium 
indicator GCaMP3, I examined the compartmentalized calcium transients in 
the dendrites of ddaC neurons from 4 to 4.5 hr APF, which is reported to be 
temporal-spatial cue to trigger dendrite pruning (Kanamori et al., 2013). 
Interestingly, compartmentalized calcium transients in the dendrites were 
observed in all nrg14 mutant ddaC clones (100%, n= 9), whereas only 25% in 
wild-type neurons during in the same period (25%, n=12), indicating the early 
onset of dendrite pruning.  
Collectively, loss of Nrg cause precocious dendrite pruning, supporting the 




3.5.2.2 Nrg extracellular domain is sufficient to rescue the precocious 
dendrite pruning phenotype 
To verify specificity of precocious pruning phenotypes in nrg14 mutant ddaC 
clones, I performed rescue experiments by using Pacman-based genomic 
rescue transgenes. Wild-type Nrg genomic transgene P[nrg_wt] (Enneking et 
al., 2013) restored the Nrg endogenous protein level in nrg14 mutant ddaC 
clones (n=5; Fig 15L). Importantly, P[nrg_wt] also fully rescued the 
precocious dendrite pruning phenotype (n=10; Fig 15C). Next, I conduct 
rescue experiment by utilizing the genomic rescue transgene P[nrgΔIg3+4] 
deleting the extracellular Ig domains 3 and 4 that disrupts the Nrg homotypic 
interaction (Enneking et al., 2013).  Interestingly, P[nrgΔIg3+4] transgene 
fully rescued the precocious pruning phenotypes in nrg14 mutant ddaC clones 
(n=8; Fig 15D), further supporting that the homophilic interaction of Nrg is 
not required for the inhibitory function in dendrite pruning. Moreover, the 
genomic transgenes P[nrgΔABD+PBD] deleting both ABD and PBD domains 
(n=14; Fig 15E) fully rescued precocious pruning phenotypes in nrg14 ddaC 
clones, suggesting the ABD and PBD domains are disposable for Nrg 
functions in dendrite pruning. In addition, overexpression of NrgΔICD partially 
but significantly rescued the precocious pruning phenotypes in nrg14 mutant 
ddaC clones (n=12; Fig 15F). Taken together, the stabilization function of Nrg 






Figure 15. Loss of nrg leads to precocious dendrite pruning in ddaC neurons. (A-G, I, J ) 
Live confocal images of ddaC neurons expressing UAS-mCD8-GFP at WP stage and 6 h APF. 
Red arrowheads point to the ddaC somas. (A-G) Wild-type (FRT 19A) MARCM (A) ddaC 
clones kept the majority of main dendrites attached to their somas at 6 h APF, whereas nrg14 
MARCM (B) clones pruned majority of their dendrites at 6 h APF. The precocious dendrite 
pruning defects in nrg14 MARCM ddaC clones were fully rescued by genomic rescue 
transgenes P[nrg_wt](C) , P[nrgΔIg3+4] (E) or P[nrgΔABD+PBD], and partially rescued by 
NrgΔICD expression (G)  at 6 h APF. (I, J) Confocal images of axonal termini of ddaC neuron 
expressing UAS-mCD8-GFP at 6 h APF immunostained for GFP. The axonal termini in nrg14 
(J) MARCM ddaC clones exhibited normal morphology and proper connection with the VNC 
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at 6 h APF, similar to those in the wild-type (FRT19A) MARCM clones (I) at 6 h APF. (H) 
Quantification of the average number of primary and secondary dendrites attached to the soma 
of ddaC neurons at WP stage and 6 h APF. Error bars represent S.E.M. *** p<0.001. n is 
shown on the bars. (K-M) Confocal images of ddaC neurons expressing UAS-mCD8-GFP 
driven by ppk-Gal4 at wL3 stage immunostained for Nrg (in red). Compared to wild-type 
ddaC neurons (K), Nrg staining were abolished in nrg14 MARCM ddaC clones (L) and 
recovered by genomic rescue transgenes P[nrg_wt] (M). Dorsal is up in all images. Scale bar 
in A is 50 µm, and in K is 10 µm.  
 
 
3.5.2.3 Loss of Nrg does not affect general stability of neuronal 
projections 
Consistent with previous studies (Yang et al., 2011), loss of Nrg resulted in 
obvious reduction of high order dendrite branches but little in primary and 
secondary dendrites (Fig B).  In order to rule out the possibility that Nrg is 
required for general stabilization of neuronal projections, I tested the axon 
terminals of ddaC neuron that form synapses in the VNC. Importantly, in nrg14 
mutant ddaC clones (n=14; Fig 14I), the axon terminals were comparable with 
the wild-type controls at 6 hr APF (n=11; Fig 14H), indicating that Nrg is 
specifically required for stabilizing dendrites against dendrite pruning but not 
the axons. 
 
3.5.3Nrg is downregulated via endocytic pathways prior to dendrite 
severing in ddaC neurons 
 
3.5.3.1Nrg is relocalized on endosomes and downregulated prior to 
dendrite pruning in ddaC neurons 
Given the inhibitory function of Nrg in ddaC dendrite pruning, I further 
examined the dynamics of Nrg during different stages in ddaC neurons. At 
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w3L stage, wild-type ddaC neurons exhibited membrane-bond Nrg staining 
(n=17; Fig 16A). High level of Nrg was detected on cortex, dendrites and 
axons. At WP stage, Nrg remained localized on plasma membrane although 
there was a subtle reduction of Nrg level and a slight increase of cytoplasmic 
punctate structures (n=10; Fig 16B). Surprisingly, at 6 hr APF, a critical time 
point that the main dendrites severing begins, Nrg exhibited dramatic 
redistribution from plasma membrane to cytoplasm as small vesicle-like 
puncta and downregulation in intensity in somas, dendrites and axons (n=15; 
Fig 16C, D). In order to investigate if the Nrg punctate structures were 
endosomes at 6 hr APF, I made use of the early endosomal marker 
GFP-2xFYVE (Wucherpfennig et al., 2003) to label the endosomes in ddaC 
neurons at different stages. Interestingly, at w3L stage or WP stage, Nrg 
showed little overlap with intracellular GFP-2xFYVE positive early 
endosomes (n=32, 27; Fig 16E, F). In contrast, Nrg punctate structures 
exhibited striking colocalizaiton with GFP-2xFYVE at 6 hr APF (n=30; Fig 
16G), suggesting that Nrg indeed undergoes dramatic redistribution on 
endosomes at 6 hr APF prior to the onset of dendrite severing. Moreover, 
some of Nrg puncta were labelled by the late endosome/lysosome marker 
LAMP1-GFP while the others not at 6 hr APF (n=10; Figure 17H), which 
indicating a progressive process of Nrg trafficking via endocytic pathways 
towards lysosomal degradation.  
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Taken together, Nrg is downregulated though endocytic pathways prior to 
dendrite severing in ddaC neurons. 
 
 
Figure 16. Nrg is actively endocytosed and degraded in wild-type ddaC neurons prior to 
dendrite pruning. (A-C, E-G) Confocal images of ddaC neurons expressing 
UAS-mCD8-GFP or UAS-GFP-2×FYVE driven by ppk-Gal4 at wL3, WP and 6 h APF stages 
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immunostained for Nrg (in red). ddaC somas are marked by dashed lines, axons by arrows, 
proximal dendrites by curly brackets. ddaE somas are marked by asterisks. (A-C) The 
mCD8-GFP levels remained abundant in somas, axons and dendrites at wL3 (A), WP (B) and 
6h APF (C) stages. In wild-type ddaC neurons, Nrg was primarily localized around the cortex 
of the somas, dendrites and axons at wL3 (A) and WP (B) stages. Nrg was redistributed to 
numerous intercellular punctate structures (C) with its greatly reduced intensity in ddaC 
somas, dendrites and axons at 6 h APF. (E, F) Nrg protein was primarily localized on the 
plasma membrane and exhibited little overlap with GFP-2xFYVE puncta in the cytoplasm of 
ddaC neurons at wL3 (E) and WP (F) stages. (G) Nrg-positive puncta were predominantly 
colocalized with GFP-2xFYVE signals at 6 h APF in ddaC neurons. (D) Quantification of Nrg 
immunostaining was performed as described in Experimental Procedures. The number of 
samples (n) in each group is shown on the bars. Error bars represent S.E.M.. *** p<0.001, * 
p<0.05. Dorsal is up in all images. Scale bars in A is 20 µm, and scale bar in E is 10 µm. 
 
3.5.3.2 Endocytic pathways are required for the redistribution and 
downregulation of Nrg in ddaC neurons 
Next, I examined the Nrg dynamics in endocytic pathways mutant background 
at 6 hr APF. Compared to wild-type ddaC neurons, Rab5DN-expressing 
neurons exhibited drastic upregualtion of Nrg levels in different compartments 
(n=19; Fig 17B, D). Similar to w3L or WP stages, Nrg was accumulated on 
aberrant endosomes labelled by LAMP1-GFP in ddaC neurons at 6 hr APF 
(n=12; Fig 17I). In addition, Nrg was strongly upregulation on dendrites and 
axons (n=19; Fig 17B, D). Notably, Nrg appeared to enrich on plasma 
membrane on cell cortex (3.2-fold increase), dendrites and axons compared to 
wild-type neurons at 6 hr APF, which is much more striking than that at w3L 
stage (1.5-fold increase).  Consistently, Nrg was accumulated in different 
cellular compartments including aberrant endosomes, cell cortex, dendrites 
and axons in Vps4DN-expressing neurons at 6 hr APF (n=18; Fig 17C, D). 
Moreover, the upregulations of Nrg in Rab5DN (n=10; Fig 17F) or 
Vps4DN-expressing (n=6; Fig 17G) ddaC neurons persisted at 16 hr APF, the 
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timepoint for observation of pruning defects. In addition, in order to avoid the 
defects at early larval stage, I used Gene-Switch system to express Rab5DN or 
Vps4DN at late larval stage to test the Nrg dynamics. With induction at late 
larval stage, only little Nrg accumulation was observed on the Avl-positive 
aberrant endosomes derived from Rab5DN (n=20; Fig 17P) or 
Vps4DN-expressing (n=5; Figure 17R) ddaC neurons at WP stage. In contrast, 
at 6 hr APF, more drastic Nrg accumulations occur on aberrant endosomes of 
Rab5DN (62%; n=13; Fig 17Q) or Vps4DN-expressing (79%; n=19; Figure 17S) 
ddaC neurons. These data suggest that a more active endocytosis of Nrg from 
WP stage to 6 hr APF, concomitant with onset of dendrite severing in ddaC 
neurons.  
Collectively, Rab5/ESCRT endocytic pathways are required for Nrg 




Figure 17. Nrg endocytosis and downregulation are disrupted in Rab5/ESCRT mutant 
ddaC neurons. (A-C, E-G) Confocal images of ddaC neurons expressing UAS-mCD8-GFP 
driven by ppk-Gal4 at wL3, WP, 6 hr and 16 h APF stages immunostained for Nrg (in red). 
Compared to weak Nrg staining in wild-type ddaC neurons (A) at 6 h APF, Nrg levels were 
dramatically increased in the somas, dendrites and axons in ddaC neurons expressing Rab5DN 
(B) or Vps4DN (C). Please note that white arrowheads point to apoptotic ddaF neurons also 
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labeled by the stronger ppk-Gal4 driver (Chr II). (D) Quantification of Nrg immunostaining 
was performed as described in Experimental Procedures. The number of samples (n) in each 
group is shown on the bars. Error bars represent S.E.M.. *** p<0.001. Compared to weak Nrg 
staining in wild-type ddaC neurons (E) at 16 h APF, Nrg levels were dramatically increased in 
the somas, dendrites and axons in ddaC neurons expressing Rab5DN (F) or Vps4DN (G). (E-G) 
at 16 h APF, Nrg upregulations in the somas, dendrites and axons in ddaC neurons expressing 
Rab5DN (F) or Vps4DN (G) persisted. (H-I) Confocal images of wild-type (H) and Rab5DN–
expressing (I) ddaC neurons expressing UAS-LAMP1-GFP at 6 h APF stages immunostained 
for Nrg (in red). Some of Nrg- puncta were colocalized with LAMP1-GFP signals in 
wild-type ddaC neurons at 6 h APF while Nrg completely co-localized with LAMP1-GFP 
positive aberrant endosomes at 6 h APF in Rab5DN–expressing ddaC neurons.  (J-S) 
Confocal images of ddaC neurons immunostained for Avl (A-N in red, O-S in blue), Ubiquitin 
(A-N in blue) or Nrg (O-S inred), In RU486-induced Rab5DN or Vps4DN-expressing ddaC 
neurons, Nrg and Ub-positive deposits weakly accumulated on aberrant endosomes at WP (K, 
M, P, R), but strongly at 6 hr APF (L,N, Q, S), compared to those in non-induced controls (A- 
O).  Dorsal is up in all images. Scale bars- in A is 20 µm and 10 µm in H, J. 
 
 
3.6 Endocytic pathways restrain Nrg function to promote 
dendrite pruning in ddaC neurons 
 
 
3.6.1 Nrg is downstream of Rab5/ESCRT-dependent endocytic pathways 
during dendrite pruning in ddaC neurons 
 
3.6.1.1 Attenuation of Nrg is sufficient to rescue the dendrite pruning 
defects in endocytic pathways mutant ddaC neurons 
Based on the Nrg dynamics via endocytic pathways, I further investigated 
whether Nrg is the downstream target of Rab5/ESCRT-dependent endocytic 
pathways in regulating dendrite pruning in ddaC neurons. To this end, I 
performed rescue experiments by attenuating Nrg levels in Rab5/ESCRT 
mutant ddaC neurons. Knockdowns of  Nrg by two independent RNAi 
transgenes that eliminating the Nrg proteins (Fig 12D) strongly suppressed the 
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dendrite pruning defects caused by Rab5DN overexpression with 0.6 and  0.6 
primary and secondary dendrites attached to soma and 208±55 μm and 198±33 
μm unpruned dendrites remained in ddaC neurons at 16 hr APF (28%, n=14, 
38%, n=16; Fig 18B, C), compared to pruning defects with 4.5 primary and 
secondary dendrites attached to soma and 646±31 μm unpruned dendrites 
remained in Rab5DN-expressing control ddaC neurons (93%, n=30; Fig 18A). 
Consistently, knockdown of Nrg via these two RNAi transgenes partially 
rescued the dendrite pruning defects resulting from Vp4DN overexpression 
(72%, n=39; Fig 18F), compared to Vps4DN-expressing controls (72%, n=39; 
Fig 18F). Moreover, I examined the proximal dendrite severing events, the 
hallmark of dendrite pruning. Interestingly, at 12.5 hr APF, knockdown of Nrg 
via two RNAi transgenes restored the proximal dendrite severing (67%, n=15, 
70%, n=10; Fig 18L, M), compared to Rab5DN-exrepssing controls (0%, n=10; 
Fig 18M), indicating the nrg attenuations restore the wild type pruning process 
instead of leading general dendrite instability.  
In addition, knockdown of Robo or N-Cad via RNAi that eliminated the 
accumulations in Rab5DN-expresing ddaC neurons (Fig 13J, L) was not able to 
rescue the dendrite pruning defects caused by Rab5DN (Fig 19G-K), further 
suggesting the specificity of Nrg knockdown rescue. As control experiments, 
knockdown Nrg (n=10, Fig 19D), Robo (n=10, Fig 19E), or N-Cad (n=10, Fig 
19F) via RNAi did not lead to obvious dendrite pruning phenotypes.  
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Next, I attempted to understand if Nrg is the sole downstream of endocytic 
pathways. Importantly, when Rab5DN was overexpressed in nrg14 mutant ddaC 
neurons, no precocious pruning phenotype was observed (n=12; Fig 18Q), 
different from nrg14 mutants (Fig 15B), suggesting that Nrg is not the sole 
downstream of Rab5/ESCRT-dependent endocytic pathways during dendrite 
pruning.  
Collectively, Nrg is downstream of Rab5/ESCRT-dependent endocytic 
pathways during dendrite pruning in ddaC neurons.  
 
 
Figure 18. Attenuation of Nrg is sufficient to suppress the pruning defects in 
Rab5/ESCRT mutant ddaC neurons. (A-H, K-M, N-Q) Live confocal images of ddaC 
neurons expressing UAS-mCD8-GFP driven by ppk-Gal4 at WP, 6 h, 12.5 h and 16 h APF. 
Red arrowheads point to the ddaC somas. (A-C) The control ddaC neurons co-expressing 
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Rab5DN and the non-functional MicalN-ter fragment (A) exhibited strong severing defects at 16 h 
APF. The severing defects were drastically suppressed by knockdown of nrg using nrg RNAi 
#1 (B) or nrg RNAi #2 (C). (E-G) Consistently, Vps4DN-expressing ddaC pruning defects were 
significantly suppressed by knockdown of nrg using nrg RNAi #1 (F) or nrg RNAi #2 (G), 
compared to the control ddaC neurons expressing Vps4DN and MicalN-ter (E). (K-M) The 
defects of proximal dendrites serving (red arrows) in Rab5DN-expressing ddaC neurons (K) 
were rescued by knockdown of nrg using nrg RNAi #1 (L) or nrg RNAi #2 (M) at 12.5 h 
APF. (N-O) Rab5DN-expressing nrg14 MARCM ddaC clones (Q) did not show precocious 
dendrite pruning at 6 h APF, similar to Rab5DN-expressing ddaC clones (O). (D, I, R) 
Quantification of the average number of primary and secondary dendrites attached to the 
somas of wild-type and mutant ddaC neurons at WP stage, 6 h and 16 h APF. (E, J) 
Quantification of the average length of unpruned dendrites of ddaC neurons at 16 hr APF. The 
number of samples (n) in each group is shown on the bars. Error bars represent S.E.M. *** 






Figure 19. Robo and N-Cad are not required for dendrite pruning in ddaC neurons. 
(A-B) Live confocal images of ddaC neurons expressing UAS-mCD8-GFP driven by 
ppk-Gal4 at 16 h APF. (A-C) Similar to wild-type ddaC neurons, ddaC neurons expressing 
Robo (B) or N-Cad (C) pruned their larval dendrites at 16 h APF. Dorsal is up in all images. 
Scale bar in A is 50 µm. See genotypes in Supplementary list of fly strains. (D-F) Knockdown 
by nrg RNAi #1 (D), robo RNAi (E) and N-Cad RNAi (F) in ddaC neurons did not lead to 
any severing defect at 16 h APF. (C-E) Compared to the control ddaC neurons co-expressing 
Rab5DN and the non-functional MicalN-ter(C), knockdown robo (D) or N-Cad (E) did not 
suppress the severing defect in Rab5DN-expressing ddaC neurons at 16 h APF. (F) 
Quantification of the average number of primary and secondary dendrites attached to the 
somas of wild-type and mutant ddaC neurons at 16 h APF. (G) Quantification of the average 
length of unpruned dendrites of ddaC neurons at 16 hr APF. The number of samples (n) in 
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each group is shown on the bars. Error bars represent S.E.M. Dorsal is up in all images. Scale 
bar is 50 µm. 
3.6.1.2Overexpression of Nrg lead to enhancement of dendrite pruning 
defects in endocytic pathways mutant ddaC neurons 
Then, I tested the genetic interaction between Rab5/ESCRT mutant and Nrg 
overexpression. Consistently, overexpression of Nrg significantly enhanced 
the dendrite pruning defects caused by Rab5DN or Vps4DN overexpression in 
ddaC neurons. Overexpression of one copy of Nrg (n=24; Fig 20A) or 
Nrg-EGFP (24; Fig 20E) only led to mild pruning defects. However, 
co-overexpression of Nrg or Nrg-EGFP led to significant enhancement with 
5.8±0.3 and 6.0±0.3 primary and secondary dendrites attached to soma and 
858±24 μm and 942±42 μm unpruned dendrites remained in ddaC neurons at 
16 hr APF (n=41, 38; Fig 20C, D), compared to the Rab5DN-expressing 
controls with 4.2 primary and secondary dendrites attached to soma and 
704±21 μm unpruned dendrites remained at 16 hr APF (n=47; Fig 20B). 
Consistently, overexpression of Nrg or Nrg-EGFP together with Vps4DN 
resulted in stronger pruning defects with 3.3±0.4 and 5.9±0.5 primary and 
secondary dendrites attached to soma and 594±41 μm and 821±66 μm 
unpruned dendrites remained in ddaC neurons at 16 hr APF (n=22, 20, Fig 
20G, H), compared to the Vps4DN-expressing controls with 1.3±0.2 primary 
and secondary dendrites attached to soma and 426±66 μm unpruned dendrites 
remained at 16 hr APF (n=16; Fig 20F). Indeed, overexpression of Nrg in 
endocytic pathways deficit background enhance the dendrite pruning defects, 
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further supports that Nrg and endocytic pathways function together to regulate 
dendrite pruning in ddaC neurons. 
Taken together, the genetic interactions data suggests that 
Rab5/ESCRT-dependent endocytic pathways restrain the downstream target 






Figure 20. Overexpression of Nrg enhances the pruning defects in Rab5/ESCRT mutant 
ddaC neurons. (A-F) Live confocal images of ddaC neurons expressing UAS-mCD8-GFP 
driven by ppk-Gal4 at 16 h APF. (A-C) The severing defects in Rab5DN-expressing ddaC 
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neurons were significantly enhanced by co-overexpression of Nrg (B), Nrg-EGFP (C), 
compared to the control ddaC neurons co-expressing Rab5DN and MicalN-ter (A). (D-F) 
Consistently, Vps4DN-expressing ddaC neurons exhibited more severe severing defects with 
co-expressing Nrg (E), Nrg-EGFP (F), compared to the control ddaC neurons co-expressing 
Vps4DN and MicalN-ter (D). (F) Quantification of the average number of primary and secondary 
dendrites attached to the somas of wild-type and mutant ddaC neurons at 16 h APF. (G) 
Quantification of the average length of unpruned dendrites of ddaC neurons at 16 hr APF. The 
number of samples (n) in each group is shown on the bars. Error bars represent S.E.M. *** 
p<0.001, ** p<0.01. Dorsal is up in all images. Scale bar in A is 50 µm.  
 
 
3.6.2 Rab5/ESCRT-endocytic pathways is likely the downstream of 
Ecdysone signaling 
It is well studied that ecdysone signaling are the trigger of dendrite pruning in 
ddaC neurons (Kirilly et al., 2009). Rab5/ESCRT-dependent endocytic 
pathways and Nrg appear to act as downstream of Ecdysone signaling. First, 
Rab5/ESCERT mutants do not affect the upregulation of EcR during early 
metamorphosis (Fig 6H, I), indicating endocytic pathways do not function 
upstream of ecdysone signaling. Second, Rab5/ESCRT mutants only affect 
dendrite pruning but not apoptosis (Fig 5G-I) while ecdysone signaling affects 
both. Third, Knockdown of Nrg via two independent RNAi partially rescued 
dendrite pruning defects in loss of ecdysone signaling backgrounds reported 
previously (Kirilly et al., 2009; Kirilly et al., 2011), such as overexpression of 
EcRDN (Fig 21A-D), BrmDN (Fig 21F-J) or CBP RNAi (Fig 21K-O), suggesting 
that Nrg downregulation via endo-lysosomal pathways might be downstream 
event of ecdysone signaling.  
Thus, endocytic pathways are likely downstream of ecdysone signaling during 




Figure 21. Attenuation of Nrg can partially suppress the pruning defects in ecdysone 
signaling mutant ddaC neurons. (A-C, F-H, K-M) Live confocal images of ddaC neurons 
expressing UAS-mCD8-GFP driven by ppk-Gal4 at 16 h APF. Red arrowheads point to the 
ddaC somas. (A-C) The control ddaC neurons co-expressing EcRDN and the non-functional 
MicalN-ter fragment (A) exhibited strong severing defects at 16 h APF. The severing defects 
were partially suppressed by knockdown of nrg using nrg RNAi #1 (B) or nrg RNAi #2 (C). 
(F-H) Similarly, knockdown of nrg using nrg RNAi #1 (G) or nrg RNAi #2 (H) partially 
rescued the pruning defects resulted from overexpression of BrmnDN (F) at 16 h APF. (K-M) 
knockdown of nrg using nrg RNAi #1 (L) or nrg RNAi #2 (M) also partially rescued the 
pruning defects of CBP RNAi-expressing ddaC neurons (K).  (D, I, N) Quantification of the 
average number of primary and secondary dendrites attached to the somas of wild-type and 
mutant ddaC neurons at 16 h APF. (E, J, O) Quantification of the average length of unpruned 
dendrites of ddaC neurons at 16 hr APF. The number of samples (n) in each group is shown 
on the bars. Error bars represent S.E.M. *** p<0.001. Dorsal is up in all images. Scale bar in 





Figure 22. Endocytic pathways restrain the inhibitory function of Nrg to promote 
dendrite pruning in ddaC neurons. (A) Summary of the function of various Nrg truncations 
in ddaC dendrite pruning. Nrg is composed of six Immunoglobulin domains (Ig), five type III 
Fibonec9tin (FnIII), FERM binding domain (F), Ankyrin binding domain (A) and PDZ 
binding domain (P). (B) An illustration of endocytic pathways and Nrg functions in ddaC 
dendrite pruning. In wild-type situation, Nrg is removed by endocytic pathways during early 
metamorphosis to facilitate dendrite pruning. In Rab5/ESCRT mutants, Nrg degradation is 
blocked, which leads to inhibition of dendrite pruning. Nrg overexpression backgrounds 
resembles loss of Rab5/ESCRT, presumably due to overwhelming the endocytic machinery. In 
contrast, loss of Nrg accelerates dendrite pruning, which results in precocious dendrite 







Table 1. List of positive lines from RNAi screen in ddaC dendrite 
pruning. 
 
Gene Number Penetrance 
CG34376 V24084 50% 
V24085 54.50% 
Arf1 V23082 80.00% 
CG31302 V40235 91.70% 
CG17737 V105763 31.60% 
roadblock V105760 33.30% 
Rab5 V103945 68.75% 
Caf1-180 V108240 50% 
Rpt4 V52663 100% 
unc-104 V23464 100% 
Kibra BL31755 66.70% 
Hyd BL32352 100% 
eIF-2β V9416 100% 
pp2A-29B V23886 100% 




Table 2. List of receptors and Ligands fail to accumulate on enlarged 







Signaling Pathways Receptors/Ligands Mutant ddaCs 
Dpp Anti-Tkv Rab5DN, Vps4DN 
EGF Anti-EGFR Rab5DN, Vps4DN 
PVR Anti-PVR Rab5DN, Vps4DN 
Hedgehog Anti-Smoothened Rab5DN, Vps4DN 
Hedgehog Anti-Patched Rab5DN, Vps4DN 
Notch Anti-Notch Intracellular Rab5DN, Vps4DN, Vps32G5 
Notch Anti-Notch Extracellular Rab5DN, Vps4DN, Vps32G5 
Notch Anti-Delta Rab5DN, Vps4DN 
Wingless Anti-Wingless Rab5DN, Vps4DN 
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Table 3. List of signaling reporters fail to upregulate in Rab5DN or Vps4DN 





Table 4. List of signaling pathways with no effects on Rab5DN-associated 





Table 5. List of antibodies from Developmental Studies Hybridoma Bank 
against cell-surface molecules.  
 
Antibody name Antigen 
smoothened 20C6 smoothened 
MAb83F6 TRP 
Spitz Spitz 
sn 7C fascin 
4F3 discs large discs large 
DCAD2 cadherin, DE 
N2 7A1 ARMADILLO Armadillo 
p1B2 p120 catenin 
p4B2 p120 catenin 
Signaling Pathways Effectors/LacZ reporters Mutant ddaCs 
EGF Anti-p-ERK Rab5DN, Vps4DN 
Hedgehog Anti-Ci, patched-lacZ Rab5DN, Vps4DN 
Wingless Anti-Armadillo Rab5DN, Vps4DN 
Wingless Anti-Senseless Rab5DN, Vps4DN 
Dpp dpp-lacZ Rab5DN, Vps4DN 
Notch E(spl)m8-lacZ Rab5DN, Vps4DN 
Signaling Pathways Dominant Negative (DN) Mutant ddaCs 
Hedgehog CiCell Rab5DN 
EGF EGFRDN Rab5DN 
PVR PVRDN Rab5DN 
Dpp TkvDN Rab5DN 
Wingless SggS9A Rab5DN 




F5H7 Fasciclin I 
7G10 Fasciclin III 
34b3 fasciclin II 
8b4d2(MH2B) glutamate receptor subunit, DGluR-IIA 
19C2 Sema II Sema II 
C566.9 Coracle 
BP 104 Neuroglian 
DE Cad shg DE-Cadherin 
CF,6G11-S integrin betaPS 
DN-Ex # 8-S N-cadherin 
Ec11, anti-pericardin-S anti-Pericardin 
615.16-S Coracle 
10C9 atebloomer-S 
Drosophila Ptc(Apa1) Patched 
15H2  Anti-Robo3 Cyto 
14C9  Anti-Robo3 Extra 
CF.2C7-S integrin alphaPS2 
anti-Robo-s 13C9 Robo 
DK.1A4 integrin alphaPS1 





8B22F5 ptp receptor-linked, DPTP10D 
24B10 chaoptin 
3A6-S ptp, DPTP99A 
4C71B7 ptp,DPTP99A  
C17.9C6-S Notch, intracellular domain 
F461.3B-S Notch, extracellular domain 
C458.2H-S Notch, extracellular domain 
Nrv5F7 Nervana protein 









Chapter 4 Discussion 
 
4.1 cell-autonomous function of endocytosis in Neuronal 
pruning  
Endocytic pathways that mediate the homeostasis of plasma membrane lipid 
and proteins are crucial for various biological processes during neural 
development, such as neurtite outgrowth, axon guidance, neural migration, 
synapse formation ((Schwarz and Patrick, 2012; Villarroel-Campos et al., 
2014; Yap and Winckler, 2012). Previously, it has been reported that the 
phagocytosis in phagocytes, such as glial cells, epithermal cells, hemocytes, is 
important for the removal of the debris after branches detachment (Han et al., 
2014; Williams and Truman, 2005). However, little was known about the 
cell-autonomous role of endocytosis in neurons during pruning. Here, I first 
report that endocytic pathways are cell-autonomously required for neuronal 
pruning of sensory neurons in Drosophila melanogaster. Via genome-wide 
RNAi screen, I identified Rab5, a Rab family small GTPase that regulates 
early endosome formation, as a novel player in ddaC dendrite pruning. 
Genetic mutant clonal analysis and rescue experiments further confirm that 
Rab5 functions cell-autonomously in ddaC neuron during dendrite pruning. 
Importantly, two other early endosomal pathway components dynamin, a 
GTPase that regulates the fission of membrane budding, and Syntaxin 7, an 
endosomal SNARE protein that mediates endosomal membrane fusion, are 
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also required for ddaC dendrite pruning. Collectively, the early endosomal 
pathway is critical for dendrite pruning in ddaC neurons. This notion is also 
verified by parallel studies in ddaC neuron (Kanamori et al., 2015) or in MB γ 
gamma neurons (Issman-Zecharya and Schuldiner, 2014) recently, suggesting 
that early endosomal pathway might be generally involved in regulating 
neuronal pruning. The studies in Drosophila might also shed light on the 
mechanisms regulating neuronal pruning in vertebrates.  
 
4.2. Endosomal degradation and recycling pathway in neuronal 
pruning 
There are two main downstream routes for early endosomes and the contents, 
the recycling pathway back to plasma membrane and the degradation pathway 
to fuse with lysosomes. To test the potential involvement of endosomal 
recycling pathway, I and my colleagues tested Rab11, a Rab family small 
GTPase that regulates the recycling endosomes (Welz et al., 2014). Although 
we do not fully rule out the possible involvement of the recycling pathway in 
ddaC dendrite pruning, it is believed that the degradation pathway via 
endosomal maturation is a major route required for dendrite pruning in ddaC 
neurons. First, mutant of ESCRT complexes that are responsible for 
endosomal maturation showed comparable defects in ddaC dendrite pruning as 
Rab5 mutant. On the contrary, little pruning defect was observed in rab11 
mutant ddaC neurons (Zhang and Wang, unpublished data). Second, both 
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Rab5 and ESCRT mutants exhibited similar blockade of endosomal trafficking 
and protein degradation, whereas Rab11 mutant did not (Zhang and Wang, 
unpublished data). Third, both Rab5 and ESCRT function through restraining 
CAM Nrg to facilitate ddaC dendrite pruning. Taken tighter, ESCRT-guided 
endosomal maturation and degradation is required for ddaC dendrite pruning, 
which also further supported by a recent report (Loncle et al., 2015).  
After endosomal maturation, the final step of the degradation pathway is to 
fuse with lysosomes. It was shown that aberrant endosomes derived from 
Rab5/ESCRT mutant ddaC neurons were incapable to fuse with lysosomes, 
which explains the formation of ubiquitinated protein deposits. In order to 
examine the function of lysosomes, I tested Rab7, a small GTPase required for 
lysosome function (Bucci et al., 2000), a fab1, a FYVE domain protein that 
regulated endo-lysosomal fusion (Rusten et al., 2007), and spinster, a sugar 
transporter that regulates lysosome acidification(Sweeney and Davis, 2002). 
Surprisingly, neither pruning defects nor protein aggregates were observed in 
these mutant ddaC neurons (Zhang and Wang, unpublished data). I suspect 
that these mutants are not sufficient to induce cargo clog-up on plasma 
membrane or endocytic vesicles, which is responsible for causing pruning 
defects.  
In summary, a cell-autonomous function of endocytic maturation and 





4.3. Nrg degradation via endocytosis in neuronal pruning 
The endocytic degradation pathway regulates the turnover of membrane 
proteins. Ubiquitination of membrane proteins is one of the important signals 
to trigger the endocytosis. Indeed, in the Rab5/ESCRT mutant ddaC neurons, 
enlarged aberrant endosomes and strong ubiquitinated protein aggregates were 
detected, suggesting the disruption of membrane protein trafficking and 
degradation. In order to search for the potential targets of endocytic pathways 
during ddaC dendrite pruning, some of the known endocytosed membrane 
proteins or ligands were tested through immunostaining or genetic 
interactions. However, it seems that none of the tested molecules (table 5) is 
involved in ddaC dendrite pruning. Then, making use of antibody collection of 
membrane proteins, Nrg, Robo and N-Cad have been isolated to enrich on 
aberrant endosomes. With further investigations, Nrg, a CAM, was found to 
be relocalized and downregulated via endocytic pathways prior to dendrite 
severing in ddaC neurons. More importantly, overexpression of Nrg is 
sufficient to inhibit ddaC dendrite pruning. Conversely, loss of Nrg results in 
precocious dendrite pruning phenotype. In addition, attenuation of Nrg in 
endocytic pathways mutant ddaC neuron leads to strong suppression of 
dendrite pruning defects. Collectively, a mechanism to downregulate CAM via 
endo-lysosomal degradation pathway is important to promote neuronal 
pruning. A following study in mushroom body γ neurons reveals a similar 
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mechanism that downregulating transmembrane receptor Patched via 
endo-lysosomal pathway is required for axon pruning (Issman-Zecharya and 
Schuldiner, 2014). However, Nrg should not be the sole downstream of 
endocytic pathways in ddaC dendrite pruning because Rab5/nrg double mutant 
ddaC neurons did not exhibit precocious pruning but dendrite pruning defects. 
Therefore, other targets of endocytic pathways might also contribute to 
dendrite pruning.      
Recently, a follow-up study on endocytic pathways in ddaC dendrite pruning 
proposed an idea that Rab5/dynamin-dependent endocytosis might be 
important for local membrane thinning at the proximal dendrite regions during 
dendrite pruning (Kanamori et al., 2015). In the proximal dendrites around the 
severing site, a relative rapid membrane retrieval and endosome formation 
have been found to correlate with the dendrite thinning and compartmentalized 
calcium transients during dendrite pruning, suggesting the endocytic 
machinery appears to function locally to promote dendrite pruning. However, I 
believe that downregulation of Nrg via endocytic pathways plays a more 
important role during ddaC dendrite pruning. First, endocytosis of Nrg occurs 
in a global manner including dendrites, axons and soma, suggesting endocytic 
pathways function in the whole neuron. Second, overexpression of Nrg leads 
to much stronger pruning defects than the loss of calcium signaling. Third, 
attenuation of Nrg can strongly suppress the Rab5/ESCRT mutant pruning 
`99 
 
defects. Therefore, regulating the turnover of membrane molecules seems to 
be the major function of endocytic machinery during dendrite pruning.                
 
4.4. Inhibitory function of Nrg in neuronal pruning  
Ig superfamily CAM Neuroglian, the only ortholog of mammalian L1 CAM 
family in Drosophila genome, has been widely studied in various aspects of 
neural development, such as outgrowth, synapse formation, pathfinding, etc. 
Here, a novel function of Nrg in inhibiting neuronal pruning is reported. Prior 
to dendrite severing, Nrg is downregulated by endocytic degradation pathways 
to facilitate dendrite pruning in ddaC neurons. This mechanism sheds light on 
the transition between stable and pruning stage. L1 CAMs consist of a large 
extra cellular domain, a single transmembrane region and a small intracellular 
domain that conserved between vertebrates and invertebrates. According to the 
genetic data, the ECD of Nrg is sufficient to induce dendrite pruning defects 
and partially rescue the precocious pruning in nrg mutant ddaC neurons, 
suggesting that the ECD of Nrg is required for the inhibitory function during 
dendrite pruning. The ECD contains 6 Ig domains and 5 FN3 domains, which 
functions in homophilic and heterophilc interactions with membrane proteins. 
It has been shown that Nrg homophilic interaction between ddaC and 
epithermal cells is important for the dendrite outgrowth (Yamamoto et al., 
2006). However, the homophilic interaction seems to be dispensable for 
inhibitory function of Nrg during dendrite pruning in ddaC neurons. First, Ig 3 
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and 4, which is required for homophilic binding, do not required for the 
inhibitory function of Nrg in pruning. Second, co-overexpression of Nrg in 
both ddaC neurons and Glial/epithermal cells where ddaC neurons innervate 
does not enhance the pruning defects (Zhang and Wang, unpublished data). In 
addition to homophilic interactions, L1 CAMs can bind to other membrane 
molecules via ECD, such as EGFR (Islam et al., 2003), 
neuropilin/semaphoring to regulate axon outgrow (Chen et al., 2000). Besides, 
FGFR and also show genetic interaction with Nrg in during axon outgrowth 
(Forni et al., 2004). Recently, C. elegan L1 CAM ortholog Sax7 forms a 
tripartite complex with MNR-1 and DMA-1 as a ligand in regulating dendrite 
pattern via the FN domain (Dong et al., 2013). In order to further investigate 
the ECD of Nrg in regulating dendrite pruning, it is worthwhile to test these 
candidate molecules in Drosophila and search for other novel potential binding 
partners of ECD.  
Although the genetic data suggest the importance of ECD, the involvement of 
ICD in ddaC dendrite pruning is not fully ruled out. It is well studied that the 
ICD of L1 CAMs interact with Ankrins via the conserved Ankrin-binding 
domain to link to spectrin/actin cytoskeleton (Enneking et al., 2013). 
However, the the ABD deletion does not affect the function of Nrg in 
regulating dendrite pruning. Consistently, loss of Ankrin2 that interacts with 
Nrg in regulating synapse formation does not lead to pruning phenotypes 
(Wang unpublished data). In addition, ICD contains FERM binding domain 
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that interacts with ezrin/meosin to link to actin cytoskeleton (Sakurai et al., 
2008). It would be necessary to further test the function of ICD during 
dendrite pruning.  
 
4.5. Trigger of Nrg endocytosis  
Endocytosis of L1 CAMs has been shown to regulate outgrowth in both 
vertebrates and invertebrates (Kamiguchi, 2003; Yang et al., 2011). In 
mammalian studies, L1 together with Neuropilin-1 undergo endocytosis in 
response to semaphorin3A (Castellani et al., 2004). And the dynamics of Nrg 
is important for the proper stability and connections during synapse formation 
and axon targeting (Enneking et al., 2013). The active endocytosis of Nrg 
occurs prior to the onset of dendrite pruning specifically in ddaC neurons. It is 
an interesting question to understand the trigger of this temporal-spatial 
endocytosis. One of the most common mechanisms trigger endocytosis is the 
binding of ligand. As discussed above, the binding partners of ECD might 
function as ligands to trigger the endocytosis of Nrg during dendrite pruning. 
In addition, the modifications of membrane molecules have been shown to 
trigger endocytosis. Previous studies have shown that the dephosphorization of 
Y1176 of L1 and the conserved site Y1185 of Nrg is important for the 
endocytosis (Schaefer et al., 2002; Yang et al., 2011). Thus, it is possible that 
dephosphorylation of Nrg ICD via unknown signaling triggers the active 
endocytosis during dendrite pruning in ddaC neurons. Another common 
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modification served as endocytosis cue is ubiquitination. Our date suggest that 
Nrg is colocalized with ubiquitinated deposits on aberrant endosomes. It is 
interesting to test that if ubiquitination of Nrg triggers endocytosis.  
 
4.6. Endocytic pathways and ecdysone signaling 
Ecdysone signaling functions as a master regulator of neuronal remodeling in 
various cell types in Drosophila (Yamanaka et al., 2013). Our data suggests 
that Nrg downregulation via endocytic pathways is likely downstream of 
ecdysone signaling in ddaC neurons. First, neither endocytic pathways 
mutants nor Nrg overexpression (Zhang and Wang unpublished data) affect 
EcR upregulation, the hallmark of ecdysone signaling activation during early 
metamorphosis. Second, Knockdown of Nrg via RNAi partially rescued 
dendrite pruning defects in loss of Ecdysone signaling backgrounds, such as 
overexpression of EcRDN (Fig 21A-D), BrmDN (Fig 21F-J) or CBP RNAi (Fig 
21K-O). However, the ecdysone signaling that is unregulated just before 
metamorphosis seems to be dispensable for general endocytic machinery 
because no aberrant endosomes observed in ecdysone signaling mutants ddaC 
neurons (Zhang and Wang, unpublished data). How the ecdysone signaling 
regulates endocytic pathways remains elusive. There are several hypotheses. 
First, ecdysone signaling might regulate the modification of Nrg during early 
metamorphosis that triggers the endocytosis. Previously, it is reported that 
ecdysone signaling activates ubiquitin ligase to promote dendrite pruning in 
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ddaC neurons (Wong et al., 2013). It is possible that Nrg is modified by 
ecdysone signaling. Second, ecdysone signaling might activate certain Nrg 
interactors to trigger the endocytosis, which might also involve auto-secretion. 
It would be interesting to test the involvement of secretion pathway in ddaC 
dendrite pruning. As discussed above, it is important to search for the binding 



















Chapter 5 Conclusion 
 
In order to understand the mechanisms of neuronal pruning, our lab has 
conducted a genome-wide reverse genetic screen in Drosophila ddaC neurons 
via in vivo RNAi knockdown technique. In the screen, I isolated Rab5, a core 
component in endocytic machinery, which is involved in dendrite pruning in 
ddaC neurons. In addition, I found that the entire endo-lysosomal pathways 
are important for dendrite pruning in ddaC neurons by examining various 
endocytic machinery components including dynamin, Syntaxy7 and ESCRT 
complexes. Collectively, the genetic and immunohistochemical data indicated 
that the endocytic pathways are required for dendrite pruning in ddaC neurons 
during early metamorphosis. 
Endo-lysosomal pathways are important for the turnover of membrane 
associated proteins. Via immunohistochemistry and live imaging, aberrant 
endosomes with the ubiquitinated protein deposits were detected in endocytic 
mutant ddaC neurons. Interestingly, the aberrant endosomes were labeled by 
early and late endosomal markers but not lysosomal maker, which reflecting 
the failure of contents degradation via endosome/lysosome fusion. Thus, 
endocytic pathways are important in regulating protein trafficking and 
degradation in ddaC neurons.  
In order to search for the potential targets of endocytic pathways, I conduct a 
candidature antibody-based immunostaining screen and identified Nrg, a 
conserved single-transmembrane cell adhesion molecule, as a cargo of 
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Endo-lysosomal pathways. Furthermore, the immunohistochemistry data 
suggested that Nrg undergoes active endocytosis prior to the onset of dendrite 
severing in ddaC neurons. Consistently, the genetic manipulations experiments 
revealed that, downstream of endocytic pathways, Nrg function in an 
inhibitory role specifically during dendrite pruning. Taken together, 
endo-lysosomal pathways actively downregulate Nrg during in a 
spatial-temporal manner to facilitate dendrite pruning in ddaC neurons during 
early metamorphosis. 
In summary, this study uncovered a novel mechanism that downregulation of 
cell adhesion molecule via endo-lysosomal pathways to promote neuronal 
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